















































MUHOMMAD AZIZUR RAHMAN 









A THESIS SUBMITTED 
 
FOR THE DEGREE OF MASTER OF ENGINEERING  
 
DEPARTMENT OF MECHANICAL ENGINEERING 
 







I would like to express my sincere appreciation, gratitude and heartiest thanks to my 
supervisors Professor Dr. Mustafizur Rahman and Associate Professor Dr. A. Senthil 
Kumar, Department of Mechanical Engineering, National University of Singapore for 
their encouragement and guidance during the pursuit of this research work. My sincere 
thanks will go to Dr. Lim Han Seok, Department of Mechanical Engineering, National 
University of Singapore for his valuable suggestions during this research work. 
 
I would also like to thank all members of Advance Manufacturing Laboratory (AML), 
specially Mr. Simon Tan, Mr. Lim Soon Cheong and Mr. Nelson Yeo for their 
assistance during my experimentation. Also special thanks to my co-researchers Mr. 
Mohammed Tauhiduzzaman, Mr. K.M. Rezaur Rahman, Mr. Md. Sharif Uddin, Mr. 
Muhammad Ibrahim Khan, Mr. Atiqur Rahman, Mr. Shamsul Arefin and Mr. 
A.B.M.A. Asad for their helps and inspirations for the completion of the project. 
 
I am greatly indebted to The National University of Singapore for providing financial 
support, which enabled me to carry out this study. 
 
Finally, I am grateful to my family members for their invaluable inspiration, support, 
and encouragement towards the developments in my education. Above all, I express 


















List of  Tables 
 
xi
List of  Figures 
 
xii






Chapter 1 Introduction 
 
1
 1.1 An Overview 
 
1
 1.2 Objectives 
 
3
 1.3 Organization of Thesis 
 
4
    
Chapter 2 Literature Review 
 
5
 2.1 Introduction to Manufacturing 
 
5
 2.2 Machining Process 
 
6
 2.3 Three Elements of Machining 
 
6
  2.3.1 Machine Tool 
 
7
  2.3.2 Workpiece Materials 
 
8
  2.3.3 Tool Materials 
 
9
 2.4 Micro Engineering 
 
11
 2.5 Micro Machining 
 
12
 2.6 Types of Micromachining Process 
 
13
 2.6.1 Mechanical Processes Based on Material  




  2.6.1.1 Micro Cutting 
 
14
  2.6.1.2  Microgrinding 
 
15
  2.6.1.3 Micro Ultrasonic Machining(MUSM) 
 
15
 2.6.2 Thermal Processes 
 
16
  2.6.2.1 Laser Beam Machining(LBM) 16
  2.6.2.2 Focused Ion Beam Machining(FIBM) 
 
17
  2.6.2.3 Electron Beam Machining(EBM) 
 
18
  2.6.2.4 Micro Electro Discharge Machining  
            (MEBM) 
 
18
 2.6.3 Replication Processes 19
  2.6.3.1 Microforming 19
  2.6.3.2 Micro Injection Molding 19
  2.6.3.3 Micro Casting 
 
20
 2.6.4 Dissolution Processes 
 
20
  2.6.4.1 Photochemical Machining(PCM) 20
  2.6.4.2 Micro Electrochemical Machining   
            (MECM) 
 
21
 2.6.5 Recomposition Processes 21
 2.6.6 MEMS Processes 
 
22
 2.6.7 LIGA Process 
 
23
 2.7 Summary 24
    
   
Chapter 3 Experimental Setup and Procedure 
 
25
 3.1 Introduction 
 
25
 3.2 Machine Tool 
 
36
 3.3 Workpiece and Cutting Tool Material 26
 iii
 3.4 Cutting Force Data Acquisition System 
 
27
 3.5 Equipment Used 
 
28
 3.5.1 Optical Microscope 28
 3.5.2 Scanning Electron Microscope(SEM) 29
 3.5.3 Ultrasonic Cleaning Unit 30
 3.5.4 Other Accessories 
 
30
 3.6 CNC Programming 
 
31
  3.6.1 Elements of a CNC Machining System 
 
31
  3.6.2 Numerical Control Codes 
 
31
  3.6.3 Three Phases of CNC Program 
 
32
  3.6.4  NC Code Generation for Taper µ-Turning 
 
33
 3.7 Experimental Procedure 
 
    37
 3.7.1 Dynamometer and Workpiece Setup 
 
37
 3.7.2 Setting Initial Coordinate System 38
 3.7.3 Starting The Machining Process 39
 3.8 Data Processing Technique 40
 3.8.1 Cutting Force Measurement 40
 3.8.2 Chip Analysis 
 
40




Chapter 4 Micromachining 
 
41
 4.1 Introduction  
 
41
 4.2 Machining of Brass 
 
41
  4.2.1 Force Analysis for Cermet Insert 
 
41
   4.2.1.1 Effect of depth of cut  
 
41
   4.2.1.2 Effect of feed rate 42
 iv
 
   4.2.1.3 Effect of spindle speed  
 
44
  4.2.2 Chip Analysis for Cermet  Insert 
 
46
   4.2.2.1 Effect of depth of cut  
 
47
   4.2.2.2 Effect of feed rate 
 
48




  4.2.3 Force Analysis for PCD Insert. 
 
50
   4.2.3.1 Effect of depth of cut  
 
50
   4.2.3.2 Effect of feed rate  
 
51
   4.2.3.3 Effect of spindle speed 
 
52
  4.2.4 Chip Analysis for PCD Insert 
 
55
   4.2.4.1 Effect of depth of cut 
 
55
   4.2.4.2 Effect of feed rate  
 
57
   4.2.4.3 Effect of spindle speed 
 
57
 4.3 Machining of Aluminium Alloy 
 
58
  4.3.1 Force Analysis  
 
59
   4.3.1.1 Effect of depth of cut 
 
59
   4.3.1.2 Effect of feed rate  
 
61
   4.3.1.3 Effect of spindle speed  
 
63
  4.3.2 Chip Morphology 
 
66
   4.3.2.1 Effect of depth of cut 
 
67
   4.3.2.2 Effect of feed rate 
 
68
   4.3.2.3 Effect of spindle speed 
 
69
 4.4 Machining of Stainless Steel 
 
70
  4.4.1 Force Analysis  
 
70
   4.4.1.1 Effect of depth of cut  70
 v
 
   4.4.1.2 Effect of feed rate  
 
72
   4.4.1.3 Effect of spindle speed  
 
74
  4.4.2 Chip Morphology 
 
77
   4.4.2.1 Effect of depth of cut 
 
78
   4.4.2.2 Effect of feed rate 
 
79
   4.4.2.3 Effect of spindle speed 
 
80
 4.5  Machinability Comparison 
 
81
  4.5.1 Force Analysis for Cermet insert 
 
82
   4.5.1.1 Effect of depth of cut 
 
82
   4.5.1.2 Effect of feed rate  
 
82
   4.5.1.3 Effect of spindle speed 
 
83
  4.5.2 Force Analysis for PCD insert 
 
85
   4.5.2.1 Effect of depth of cut  
 
86
   4.5.2.2 Effect of feed rate  
 
86
   4.5.2.3 Effect of spindle speed  
 
87
  4.5.3 Cutting Tool Performance 
 
89
   4.5.3.1 Effect of depth of cut  
 
89
   4.5.3.2 Effect of feed rate  
 
90
   4.5.3.2 Effect of spindle speed 
 
91
  4.5.4 Chip Analysis  
 
92
  4.5.5 Tool Wear  
 
93
   4.5.5.1 Tool wear for cermet insert 
 
93
   4.5.5.2 Tool wear for PCD insert 
 
94





Chapter 5 Fabrication of Miniature Components 
 
95
 5.1 Introduction 
 
95
5.2 Miniature Shaft Fabrication 96 
 5.2.1 Microturning process 
 
96
  5.2.2 Experimental Setup and Procedure 
 
98
  5.2.3 Machining with Brass 
 
99
   5.2.3.1 Microshaft of  Ø80 µm 
 
99
   5.2.3.2 Microshaft of  Ø65 µm 
 
100
   5.2.3.3 Microshaft of  Ø52 µm 
 
101
   5.2.3.4 Micro stepped shaft  
 
102
   5.2.3.5 Microshaft with tapered tip 
 
103
  5.2.4 Machining with Aluminium Alloy 
 
104
   5.2.4.1 Microshaft of  150 µm diameter 
 
104
   5.2.4.1 Microshaft with conical tip 
 
105
  5.2.5 Machining with Stainless Steel 
 
106
   5.2.5.1 Microshaft of  94 µm diameter 
 
106
   5.2.5.2 Microshaft with tapered tip 
 
107
 5.3 Micropin Fabrication 
 
108
  5.3.1 Setup and Procedure for Micropin Fabrication 
 
109
  5.3.2 Development of Fabrication Process 
 
109
  5.3.3 Micropin of Brass 
 
111
   5.3.3.1 Using PCD  as Tool-1 and  HSS as Tool- 2 
 
111
   5.3.3.2 Using Cermet  as Tool-1 and  HSS as Tool- 2 
 
113
  5.3.4 Micropin of Aluminium Alloy 
 
117





Chapter 6 Conclusions and Recommendations 120
 6.1 Conclusions 120
 6.2 Recommendations 
 
123
     
List of Publications From This Study 124
     
Bibliography 125
     






The accelerating trend of miniaturization is increasing day by day due to the recent 
advancement in MEMS technology and micromachining technology contributes to this 
trend. Micromachining bridges the gap between MEMS manufacturing and the 
capabilities of conventional machining. Without micromachining technology, 
fabrication of miniature components is not possible on micrometer range dimensions. 
One group of micromachining technology is microturning. It is a conventional material 
removal process that has been miniaturized. During machining, instructions to the 
miniature machine controller were supplied as numerical control (NC) codes which 
were generated by SLICER and TAPER TURNER for straight and taper microturning 
process. The main limitation of microturning process is the workpiece deflection 
during machining which was eliminated by applying step cutting process. The step size 
was calculated by using material strength equations. 
 
The objective of this research is to fabricate miniature components by microturning. 
Commercially available brass, aluminium alloy and stainless steel materials were 
selected as workpiece materials, where as PCD and cermet inserts were selected as 
cutting tools. As there is presently no cutting data available for microturning of these 
materials, a wide range of cutting experiments was conducted by varying the depth of 
cuts, feed rates and spindle speeds to select the optimum conditions for machining. 
During the experimental investigation, it was found that depth of cut was the most 
influential cutting parameter on cutting forces and also on chip formation. From this 
point of view, depth of cut value was kept smaller so that during machining, the 
reacting forces on the tool were also smaller. From SEM observations of chip analysis 
it was found that at very low depth of cut conditions, continuous microchips produced 
 ix
are of slice type and irregular shapes. While long and regular curly chips formed at 
relatively large depth of cut conditions. It was also found that with increasing speed, 
chip breaking occurred. 
 
In this study, several attempts were taken to fabricate various microshafts of brass, 
aluminium alloy and stainless steel. The smallest straight microshaft that could be 
fabricated was of 52 µm diameter. Microshaft with conical tip and stepped microshaft 
were also fabricated. These fabricated microshafts can be used as other 
micromachining tool.  
 
Attempts were also taken to fabricate tiny micropins (diameter less than 0.5 mm lead 
of a pencil) of compound shape. Both forward and reverse cutting mechanisms were 
applied during the fabrication process. A HSS (high speed steel) form tool was used 
for reverse cutting purpose. Among the micropins produced, the smallest one was 1.76 
mm long with neck portion diameter of 219 µm. From microscopic view, surface 
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1.1 An Overview 
 
The last two decades have shown an ever-increasing interest in higher precision and 
miniaturization in a wide range of manufacturing activities. These growing trends have 
led to new requirements in machining, especially in micromachining. It bridges the gap 
between MEMS manufacturing and the capabilities of conventional machining. It is 
the key technology of microengineering to produce miniature components and micro 
products. Without micromachining technology, fabrication of miniature components is 
not possible on micron range diameter. 
 
There are two basic groups of micromachining process: mask based and tool based 
micromachining. The mask based technology has the limitations of fabricating 3D 
structures as it is applied only to two dimensional shapes. Examples of these processes 
are etching, electroforming. On the other hand, the processes using tools, especially 
those using solid tools, can specify the outlines of various 3D shapes owing to the clear 
border at the tool surface and the easily defined tool path (Masuzawa and Tönshoff, 
1997).  
 
The advancement in machine tool technology especially with the development of 
highly precise CNC machines also helps to achieve very fine shapes and high accuracy. 
In this regard, mechanical fabrication processes using solid tools are useful in terms of 
realizing complex three-dimensional features on micro scale. Conventional material 
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removal processes such as turning, milling and grinding are also studied to fabricate 
microstructures by introducing a single-point diamond cutter or very fine grit-sized 
grinding wheels. These processes can machine almost every material, including metals, 
plastics, and semiconductors. There is also no limitation in machining shape, so that 
flat surfaces, arbitral curvatures, and long shafts can be machined (Lim et al., 2002). 
 
One group of tool based micromachining technology is microturning. It is a 
conventional material removal process that has been miniaturized. For carrying out the 
process of cutting, the workpiece and the cutting tool must be moved relative to each 
other in order to separate the excess layer of material in the form of chips 
(Bhattacharyya, 1984).Hence the motion of cutting tool with respect to workpiece is 
important. In this regard, cutting path generation by CNC programming has its own 
significance in order to accurate and precise control of cutting tool motions. The major 
drawback of microturning process is that the machining force influences machining 
accuracy and the limit of machinable size (Masuzawa, 2000). During machining, the 
thrust force tends to deflect the workpiece. However, the workpiece can vibrate in the 
tangential direction of the tool-workpiece contact region because the vibration along 
the normal direction is blocked by the cutting tool (Lim et al., 2002). As the diameter 
of the workpiece reduce, the rigidity against the deflection of the workpiece by the 
cutting force decrease. Therefore, control of the reacting force during cutting is one of 
the important factors in improvement of machining accuracy. The value of the cutting 
force must be lower than that cause plastic deformation of the workpiece (Lu and 
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Depending on the abrasion behavior of metals, brass is considered to be the most 
appropriate material for micromachining and most suitable material to fabricate micro 
parts (Lee et al., 2002). Again, microcutting of steel by means of hard-metal tools is 
suitable for producing wear resistant microparts (Schmidt et al., 2002). The important 
factors of selection of aluminium alloys for manufacturing purpose are their high 
strength to weight ratio and ease of machinability (Kalpakjian and Schmid, 2001). 
 
This study attempts to evaluate the micromachinability of brass, aluminium alloy and 
SS with PCD and cermet inserts. The effects of spindle speed, feed rate and depth of 
cut on cutting force as well as chip formation were also observed. Finally, 
microturning process was applied to fabricate microshaft applicable to other 
micromachining process such as micro-EDM. Compound shaped micorpins (diameter 
less than 0.5 mm lead of a pencil) were also fabricated for biomedical application. The 




• To develop microturning process applicable to produce micro products.  
• To automatically generate CNC programs for taper microturning operation. 
• To find out the effects of cutting parameters( depth of cut, feed rate and spindle 
speed) in micro turning of brass, aluminium alloy and stainless steel. 
• To observe chip morphology and the effects of cutting parameters on chip.  
• To fabricate microshafts by applying the turning process developed. 
• To develop micro pin fabrication process.  
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1.3 Organization of Thesis 
 
A brief summary of relevant literature pertaining to conventional and micro 
engineering technology is discussed in Chapter 2. Chapter 3 describes the experimental 
setup and procedure, details about workpiece and cutting tool, cutting force data 
acquisition system and other measuring equipment. Chapter 4 describes the micro 
turning experimental results of brass, aluminium alloy and stainless steel. 
Machinability comparison was also done in this chapter. Chapter 5 describes the micro 
shafts and micropin fabrication using the microturning process developed. The 
conclusions drawn from this study and are included in Chapter 6, along with 



















2.1 Introduction to Manufacturing 
 
Manufacturing is derived from the Latin manu factus, meaning made by hand. The 
word manufacture first appeared in 1567, and the word manufacturing appeared in 
1683. In the modern sense, manufacturing involves making products from raw 
materials by means of various processes, machinery, and operations, through a well-
organized plan for each activity required. It is the backbone of any industrialized 
nation. In its broadest sense, manufacturing is the process of converting raw materials 
into products. It encompasses three stages (Kalpakajian and Schmid, 2001), such as: 
• Design of the product, which begins with the development of the 
original product concept. Now a days, CAD (Computer-aided design) 
system is used which involves the use of computers to create design 
drawings and product models. 
• Selection of the raw material from a wide variety such as ferrous metals, 
nonferrous metals, plastics, ceramics, glass and composite materials. 
• Sequence of processes through which the product will be manufactured. 
The processing methods for materials can be casting, forming, 
machining, joining, finishing. 
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2.2 Machining Process 
 
Machining is the most widespread metal cutting process used in mechanical 
manufacturing industry. Worldwide investment in metal-machining processes 
continues to increase yearly. Machining is more costly than casting, molding, and 
forming processes, but it is often justified when precision is needed. Another reason is 
that machining is very versatile: complicated free-form shapes with many features, 
over a large size range, can be made more cheaply, quickly and simply by controlling 
the path of a standard cutting tool. Machining is done by shaving away the material in 
small pieces, called chips, using very hard cutting tools and rigid machine tools (Bruce 
et al., 1998). Basic machining processes and their characteristics are shown in Table 
2.1 (Kalpakajian and Schmid, 2001). 
Table 2.1: Basic machining processes 
Process Characteristics 
Turning Straight, conical, curved or grooved shapes. 
Boring Internal surfaces or profiles. 
Drilling Round holes of various sizes and depths. 
Milling Variety of shapes involving contours. 
Planing Flat surfaces and straight contour profiles on large surfaces. 
Shaping Flat surfaces and straight contour profiles on relatively small 
workpieces. 
Broaching External and internal surfaces, slots and contours. 




2.3 Three Elements of Machining 
 
Every machining process comprise of three basic elements-machine tool, workpiece 
and cutting tool. Each of these is described briefly in this section. 
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2.3.1 Machine Tool 
 
The term machine tool applies to any power-driven machine that performs a machining 
operation. A machine tool is used to hold the workpiece, position the cutting tool 
relative to the work, and provide power for the machining process. By controlling the 
cutting tool, workpiece, and cutting conditions, machine tools permit parts to be made 
with great accuracy, repeatability and close tolerance (Groover, 2002). Conventional 
machine tools are used to perform the three common machining operations such as 
turning, drilling and milling by a human operator. 
But, now-a-days, many modern machine tools are controlled by a computer (numerical 
control) and can perform complex machining operations without the guidance or 
constant attention of a machinist. In a CNC machine tool, all the motions are 
mechanically separated; each motion is driven by its own motor. As a result, precise 
numerical control of feed motions is possible. The ability to drive the tools quickly 
between cuts, together with other reductions in set-up times, has reduced the machine 
tool non-productive cycle time in CNC machines (Childs et al., 2000).  Because of the 
availability of small computers having a large memory, microprocessors, and program 
editing capabilities, CNC systems are widely used today. The availability of low-cost 
programmable controllers also played a major role in the successful implementation of 
CNC in manufacturing plants. The following are the advantages of CNC over 
conventional systems are the following (Stenerson and Curran, 1997): 
• Increased flexibility. 
• Greater accuracy. 
• More versatility. 
• Reduced time of manufacturing. 
• Better production planning and machining operations.  
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2.3.2 Workpiece Materials 
 
The workpiece material plays an important role in machining operations. A wide 
variety of materials is available for machining such as: ferrous metals and alloys, 
nonferrous metals and alloys, plastics and polymers, ceramics. Ferrous metals and 
alloys contain iron as their base metal. These metals are carbon and alloy steels, 
stainless steels, tool and die steels, cast irons, and cast steels. By virtue of their wide 
range of mechanical, physical, and chemical properties, these are the most useful of all 
metals (Kalpakjian and Schmid, 2001). 
Nonferrous metals and alloys cover a wide range of materials, from the more common 
metals such as aluminum, copper, and magnesium to high-strength high-temperature 
alloys, such as those of tungsten, tantalum, and molybdenum. Although more 
expensive than ferrous meals, non ferrous metals and alloys also have useful 
applications because of properties such as corrosion resistance, high thermal and 
electrical conductivity, low density , and ease of fabrication (Kalpakjian and Schmid, 
2001).  
Plastics are one of the numerous polymeric materials. Because of their many unique 
and diverse properties, polymers have increasingly replaced metallic components in 
applications such as automobiles, civilian and military aircraft, sporting goods, and 
office equipment. With the rapid growth of new polymers and their applications in 
engineering, machining of polymeric materials has become an increasingly important 
operation in manufacturing industry (Xiao and Zhang, 2002). 
Ceramics are compounds of metallic and nonmetallic elements. Because of the large 
number of possible combinations of elements, a great variety of ceramics is available 
today. Ceramics are used in high-performance industrial applications because of their 
high stiffness, dimensional and temperature stability, and resistance to chemical 
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environments. The demand for precision parts made of these ceramic materials is 
increasing at a fast rate but the brittleness of these materials poses problems during 
machining that can be eliminated by diamond turning process developed ( Ngoi and 
Sreejith, 2000). 
 
2.3.3 Tool Materials 
 
The third element to be considered in parallel with machine tool technology and work 
material, for its contribution to the evolution of machining practice, is the cutting tool 
materials. Cutting tools must be capable of retaining their hardness at high 
temperatures. Better hot hardness permits tools to operate at higher cutting speeds, 
there by improving productivity. A variety of cutting tool material is needed for 
various machining operations.  
The only tool material for metal cutting from the beginning of the Industrial 
Revolution until the 1880s was carbon tool steel. But because of their poor hot 
hardness, they were unusable in metal cutting except at speeds too low to be practical 
by today’s standard. To meet the requirements of machining at higher speeds, high 
speed steel tools were developed. Because of its versatility and low cost, high speed 
steel is today the most commonly used cutting tool material in machining applications. 
HSS drills, milling cutters, and lathe tools are widely used for machining. After 
machining, cutting edge dulls for HSS and can be sharpened by using a grinder which 
greatly increases the useful life of the tool. Compared to HSS, tungsten carbide cutting 
tools have much better hot hardness, so they can machine at higher temperatures 
without softening and destroying the cutting edge. Cutting speeds are three to four 
times faster for carbides than for HSS tools. Carbide is made in grades of varying 
hardness and toughness, and titanium carbide and tantalum carbide are sometimes 
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added to the mixture to provide greater hardness for wear resistance. Virtually all 
carbide tools used today in manufacturing operations are throw-away inserts that have 
several indexable cutting edges (Bruce et al., 1998). 
Ceramic tools are often used to machine hard workpiece materials and have better hot 
hardness than carbide. Ceramic cutting tools are composed of fine-rained aluminum 
oxide. These tools are most successful in high-speed turning of cast iron and steel for 
both roughing and finishing operations. Ceramics are not recommended for heavy 
interrupted cut operations due to their low toughness. Other commercially available 
ceramic cutting tool materials include silicon nitride, sialon, aluminum oxide and 
titanium carbide (Kalpakjian and Schmid, 2001).  
Cermet, a mixture of carbide and ceramic that is sintered into insert, competes closely 
with the productivity of coated carbide tools. The name, ‘cermets’, implies a 
combination of ceramic and metal, but this term seems quite inappropriate, since the 
carbides are much closer in character to metals than to ceramics (Trent and Wright, 
2000).  
Diamond cutting tools can produce exceedingly smooth surface finishes and hold very 
close tolerances. Since diamond is the hardest material, it retains a sharp, stable cutting 
edge, but it is prohibitively expensive for many applications. Because of their very 
high hardness, all types of diamond tools have a much lower rate of wear and longer 
tool life than carbides under conditions where abrasion is the dominant wear 
mechanism. The extreme hardness of diamond is related to its crystal structure. Single 
crystal, natural diamonds have been used in many industrial applications. 
Polycrystalline diamond (PCD) tools are used now a day because of their lesser cost 
than single crystal diamonds. Diamond tools are now being used for milling, turning, 
boring, threading and other operations in the mass production of many aluminum 
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alloys because of the very long tool life. They are also used for machining of copper 
and copper alloys. Machining of steel, other ferrous metals and nickel-based alloys 
with diamond tool is not practical because of the chemical affinity which exists 
between these metals and carbon (Trent and Wright, 2000). 
 Next to diamond, cubic boron nitride is the hardest material. CBN does not react 
chemically with iron and nickel as diamond does; therefore, the applications of CBN-
coated tools are for machining steel and nickel-based alloys. Alike diamond, CBN is 
also very expensive, and the applications must justify the additional tooling cost 
(Kalpakjian and Schmid, 2001). 
 
2.4 Micro Engineering  
 
The use of micro products and micro components has been strongly increasing now a 
day. The most important product groups are IT components as well as medical and 
biomedical products. Other driving markets for microproducts are the automotive 
industry and the telecommunication area. The manufacturing technologies connected 
with micro products of silicon are relatively highly developed compared to that of 
metals, polymers and ceramics. Therefore, the pressure is increasing both from the 
manufacturer and customer’s side for developing the production technologies that 
make it possible to produce the micro products of metals, polymers and ceramics 
(Alting et al., 2003). 
Micro engineering, being a new and very broad technological playground, is closely 
related to the whole process of conception, design and manufacture of micro products 
and thus cannot be fully expressed without a definition of the concept of micro product 
itself. From a geometrical point of view, micro products can be organized in to three 
groups:  
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• Two-dimensional structures (2D), such as optical gratings. 
• Two-dimensional structures with a third dimension (2 1/2 D), for 
example fluid sensors. 
• Real three-dimensional structures (3D), such as components for 
hearing aids. 
 
One important discussion regarding to micro product is the relative position of ‘micro’ 
with respect to ‘macro’ and ‘nano’. A product (no matter the physical dimensions), 
whose main functional features are in the µm-range, fall under the definition of a 
micro product. This would be the case for inkjet printer cartridges, where the 
functional features are constituted by a series of holes with micron range diameter. The 
definition of micro engineering was adopted (Alting et al., 2003) as follows:  
Micro engineering deals with development and manufacture of products, whose 
functional features or at least one dimension are in the order of µm. The products are 
usually characterized by a high degree of integration of functionalities and 
components. 
 
2.5 Micro Machining 
 
Micro machining is one of the key technologies of micro engineering. Although metal 
machining is commonly associated with big industries that manufacture big products 
but it is also possible to produce extremely delicate components by ultraprecision 
machining as can be seen on Figure 2.1 (Trent and Wright, 2000). The term “micro 
machining” is now associated with the qualities of precision and ultraprecision 
machining. 
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 Precision Machining 
Very precise small components 
Ultraprecision Machining 




µm  m mm
Dimension 
 
Figure 2.1: Three relatively distinct manufacturing paradigms 
 
Literally, micro in micromachining indicates ‘micrometer’ and represents the range 
from 1 µm to 999 µm. However, micro means “very small”. In the field of machining, 
very small products can not be fabricated easily. Therefore, micro should also indicate 
too small to be machined easily. In fact, the range of micro varies according to era, 
person, machining method, type of product or material. In the Scientific Technical 
Committee of the Physical and Chemical Machining Processes of CIRP, 1 to 500 µm 
was adopted as the range for micro machining (Masuzawa, 2000). 
 
2.6 Types of Micromachining Process 
 
Micro machining processes are categorized according to the machining phenomena 
and characteristics (Table 2.2). An overview of each category as well as their 
capabilities and limitations will be described here with specific examples. 
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Table 2.2: Categories of micromachining process 
Category Processes 
Material removal µ-cutting( drilling,milling,turning), µ-grinding, µ-USM 
Thermal µ-LBM,µ-FIBM, µ-EBM, µ-EDM 
Replication µ-forming, µ-injection molding, µ-casting 
Dissolution µ-PCM, µ-ECM 
Recomposition electroplating, electroforming 
MEMS photo lithography 
LIGA combination of  lithography, electroforming and molding 
 
2.6.1 Mechanical Process Based on Material Removal 
 
Among the conventional machining processes based on material removal from a 
workpiece, the most popular ones are those in which the useless part of the workpiece 
is removed by applying mechanical force. The major drawback of these processes is 
that the machining force may influence the machining accuracy and the limit of 
machinable size because of elastic deformation of the micro tool and /or the workpiece 
(Masuzawa, 2000). 
 
2.6.1.1 Micro Cutting 
Micro-cutting process uses physical cutting tools in high precision CNC machines to 
fabricate parts with micrometers features and sub-micrometer tolerances. An 
advantage of this process is the ability to use any machinable material, quick process 
planning and material removal, and three-dimensional geometry only limited by the 
machine tools used. Disadvantages are that forces are placed on micro cutting tools 
causing deflection and possible breaking. Deflection reduces process precision and tool 
breakage results in repeated set up, slower production, and poorer tolerances (Friedrich, 
2002). Several types of cutting processes are suitable for micromachining.  Drilling for 
micro holes (Egashira and Mizutani, 2002), milling for microgrooves (Schaller et al., 
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1999), fly cutting for microconvex structures and turning for 3D shapes (Ito et al., 
2003) are typical examples of microcutting. 
 
2.6.1.2 Microgrinding 
Micro grinding is also a popular method to manufacture micro tools for various 
purposes. Although it has the problems of grinding force and the wear of the grinding 
wheel, an advantage is that the electrical conductivity of the material does not 
influence the process (Masuzawa and Tönshoff, 1997). Due to the very small 
obtainable depth of cut, microgrinding is particularly advantageous for brittle materials 
which can be mirror finished. The grinding tool, generally in the form of a wheel, is 
constituted of an abrasive and a matrix (Alting et al., 2003). Microgrinding can be 
applied to the fabrication of micropins and microgrooves; the only requirement is to 
reduce the thickness of the grinding wheel to the required resolution of the product 
(Masuzawa, 2000). 
 
2.6.1.3 Micro Ultrasonic Machining (MUSM) 
MUSM is a method derived from conventional ultrasonic machining process that relies 
on the projection of very hard abrasive particles on the part to be machined, by use of a 
tool vibrating at an ultrasonic frequency of 20 kHz or more (McGeough, 2002). The 
shape and the dimensions of the workpiece depend on those of the tool. Since the 
material removal is based on brittle breakage, this method is suitable for machining 
brittle materials such as glass, ceramics, silicon and graphite (Masuzawa, 2000). In the 
earliest works, the vibrations were applied to the tool, resulting problems in tool 
holding and in machining accuracy. In order to overcome tool holding problems, the 
on-the-machine tool preparation was introduced and microholes smaller than ø10 µm 
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were successfully machined in glass and silicon. MUSM can also be applied for 
machining 3D shapes such as microcavity (Masuzawa and Tönshoff, 1997). 
 
2.6.2 Thermal Processes 
 
In these processes, the useless part of the workpiece is melted, and in some cases, 
vaporized by heat generated by various physical phenomena. Mechanical properties of 
the workpiece do not influence the machining process rather thermal properties such as 
melting point, boiling point, and heat capacities influence machining characteristics. 
An advantage of the thermal processes is that the machining force is much smaller than 
that in cutting processes, because the molten material can be removed with a very 
small force. The main drawback is the formation of a heat affected layer on the 
machined surface. The presence of such a layer may cause problems when the product 
is in use. 
 
2.6.2.1 Laser beam machining (LBM) 
The use of laser technology in processing of materials for micro products has been 
reported over the last decade. Laser beams are used both to remove material and to join 
components. The use of lasers in micro manufacturing is closely connected to the 
characteristics of the laser. Wavelength, power, pulse duration and pulse repetition 
rates are the main parameters to be chosen and controlled during the machining 
process. The types of lasers currently being used for micromachining applications 
include CO2-lasers, solid state lasers (Nd: YAG), copper vapor lasers, diode lasers and 
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Table 2.3: Laser micro-machining applications 
Laser  Applications  Material  
Micro-electronics packaging   
 Excimer Via drilling and interconnect drilling  Plastics, ceramics, silicon  
 Lamp-pumped solid-
state 
Via drilling and interconnect drilling  Plastics, metal, ceramics, silicon  
 Diode-pumped solid-
state 
High volume via drilling, tuning quartz oscillators  Plastics, metal, inorganic  
 CO2 sealed or TEA Excising and scribing of circuit devices, large panel via 
drilling  
Ceramics, plastics  
Semiconductor manufacturing   
 Excimer UV-lithography IC repair, thin films, wafer cleaning  Resist, plastics, metals, oxides 
silicon  
 Solid-state IC repair, thin films, bulk machining resistor and 
capacitor trimming  
 Plastics, silicon, metals, oxides 
silicon, thick film  
 CO2 or TEA Excising, trimming  Silicon  
Data-storage devices   




Disk texturing servo etching micro via drilling  Metal, ceramics metals, plastic  
 CO2 or TEA Wire stripping  Plastics  
Medical devices   
 Excimer Drilling catheters balloons, angioplasty devices. Micro-orifice drilling  
Plastics, metals ceramics, 
inorganics  
 Solid-state Stents, diagnostic tools  Metals  
 CO2 or TEA Orifice drilling  Plastics  
Communication and computer peripherals   
 Excimer Cellular phone, fiber gratings, flat panel annealing, ink jet 
heads  
Plastics, silicon, glass, 
metals, inorganics  
 Solid-state Via interconnect coating removal tape devices  Plastics, metals, oxides, 
ceramics  
 CO2 or TEA Optical circuits  Glass, silicon  
 
2.6.2.2 Focused Ion Beam Machining(FIBM) 
FIB machining is an alternative way of machining fine structures and extremely fine 
details. Ions from a plasma source are directed and focused onto the surface where they 
sputter away material. FIB sputtering is currently being researched as a method for 
fabricating microscopic cutting tools with working dimensions in the tens of micron 
range. The use of these tools is for machining metals, polymers, and ceramics with 
micromilling and with ultra-precision lathe turning. The major advantages of FIB 
manufacture of microtools include: the variety of tool shapes, the control over tool 
geometry, the sub-micron dimensional resolution, and the observation of a tool during 
shaping. The main drawback of FIB sputtering is that, it is a slow process as material is 
removed atom-by-atom (Picard et al., 2003). 
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2.6.2.3 Electron Beam Machining(EBM) 
Electron beam machining can be employed to micromachining technology. The 
electron beam is used to write on an electron-sensitive film. High power electron 
beams can be used to machine vias and interconnecting structures in ceramic green-
sheets. The advantages of this technology are: direct maskless metallization, 
noncontact machining of high density via and interconnecting structures of fine 
dimensions. Electron beam technology offers accurate machining of three dimensional 
interconnecting line structures (Sarfaraz et al., 1993). 
 
2.6.2.4 Micro Electro Discharge Machining (MEDM) 
EDM is based on two electrodes separated from each other by a dielectric fluid. Two 
electrodes (one is the tool and the other one is the workpiece) are positioned close 
together and subjected to voltage. When sparks are generated, the electrode materials 
will erode and in this way a material removal is realized (Masuzawa, 2000). The 
process requires the workpiece material to be conductive. Different versions of EDM 
exist: EDM die-sinking, wire EDM, EDM drilling, EDM milling and electro discharge 
grinding. MEDM is employed in the field of micro-mould making and used for the 
production of micro valves, micro nozzles etc. It is also used for producing grooves 
and channels, bore holes, linear profiles, columns and even complex formed 3D 
structures (Alting et al., 2003). MEDM is a slow manufacturing process and has the 
drawback of high wear rate of the electrode.  This problem is eliminated by developing 
a hybrid machining technology using both turning and EDM on the same machine 
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2.6.3 Replication Processes 
 
 These processes are carried by mechanical force (plastic deformation), solidification 
or by polymerization.  In processes using plastic deformation, there is neither removal 
nor addition of material. The main drawback of these processes is loss of accuracy 
which arises from spring-back or partial recovery of deformation after processing. 
Processes using solidification have advantages and disadvantages similar to those of 
processes based on plastic deformation.  
 
2.6.3.1 Microforming 
Forming processes are based on plastic deformation, without any addition or removal 
of material. They are particularly suited for mass production of metallic parts, due to 
their well known advantages of high production rates, minimized or zero metal loss, 
excellent mechanical properties of the final product and close tolerances. The 
applicability of forming processes to the production of micro parts is somehow limited 
to the difficulties in transferring the deep knowledge existing on the macro-scale level 
to the micro-scale level. Deep drawing and stretch forming are used for micro sheet 
metal working processes for the production of cups for electron gun in color TV sets. 
Blanking processes used the shearing of cutting blades for shavers and punching of 
micro holes. Micro sheet forming processes are using for the production of connectors, 
contact springs and lead frames (Alting et al., 2003). 
 
2.6.3.2 Micro Injection Molding 
In injection molding the polymer material is heated, melted and then forced into the 
tool cavity using high pressure. Usually the tool temperature is relatively low 
compared to the material. The material solidifies under a maintained pressure before it 
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is ejected out of the tool. In micro injection molding, it is possible to produce 2D, 2 1/2 
D and 3D micro products. The main challenge is the manufacture of the mold. Micro 
products made of polymers are used for micro optics, micro fluidics, biological and 
medical technology (Alting et al., 2003). Micro powder injection molding of metal and 
ceramic based products is also possible. 316L stainless steel microstructures of ø100 × 
200 µm can be injection molded (Fu et al., 2004). 
 
2.6.3.3 Micro Casting 
In many manufacturing cases, the final objective is mass production. Replicating 
processes such as casting are most suitable to meet this objective. The requirement for 
applying these processes to micromachining is that a micromold insert must be 
prepared by MEDM, MLBM, MUSM or micro cutting. As an extension of 
conventional investment casting, microcasting is also possible. Microfluidic device 
was developed using PDMS (polydimethylsiloxane) casting fabrication process (Chiou 
et al., 2002).  Replication method  of surface microstructure of 30 µm width and 100 
µm height into bulk metallic glass based on casting and quenching process was also 
developed (Kündig et al., 2004). 
 
2.6.4 Dissolution  Processes 
 
Chemical or electrochemical dissolution in liquid is also utilized in micromachining. In 
this type of process, the removal mechanism is based on ionic reaction on the 
workpiece surface.  
 
2.6.4.1 Photochemical Machining (PCM) 
PCM, also known as photoetching, photofabrication or photochemical milling, is a  
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non-traditional manufacturing method based on the combination of photoresist 
imaging and chemical etching (Roy et al., 2004). PCM process begins by cleaning the 
metal and coating it with a light-sensitive resist. The coated sheet is then exposed to 
ultra violet light through the photomaster from both sides, hardening the photoresist 
where exposure takes place. The unexposed areas are developed away, removing the 
resist, leaving the metal bare where etching will occur. Etching solution is sprayed at 
pressure onto the top and bottom surfaces removing the unwanted metal extremely 
accurately producing the component. The resist is then removed to leave burr and 
stress free precision components (Attewell, 2004). The applicability of this process is 
restricted to low aspect ratio products such as semiconductor devices. 
 
2.6.4.2 Micro Electro Chemical Machining (MECM) 
Another type of electrochemical etching, micro electrochemical machining, using a 
tool such as a pipe to specify the machining shape, is more suitable for 3D 
micromachining. Although some leakage current is inevitable because of the presence 
of electrolyte, the use of an insulating film makes it possible to machine deep 
microholes. The advantage of ECM is that, the machine surface is very smooth and 
there are no layers affected by machining. This makes micro-ECM suitable for 
smoothing micro-metallic products. Cu structure (small prism, 5 µm by 10 µm by 12 
µm) was machined into the Cu sheet of an electronic circuit board by electrochemical 
micromachining (Schuster et al., 2000).  Pulse micro-ECM was applied to machine a 
triangular cavity of 1.5 mm length on stainless steel using a 100 µm diameter tool 





Chapter 2                                                                                               Literature Review 
 
2.6.5 Recomposition  Processes 
 
The reverse phenomenon of dissolution is recomposition. Metal ions in an electrolyte 
are deionized to become solid and to form a shape. The shape can be specified by a 
mold or s substrate. Electroplating is a typical example of this type of process. One 
unique characteristic of these processes is that concave microshapes are more easily 
fabricated than convex ones, because the processes are basically attachment processes 
that proceed in the direction opposite to removal processes. Mass productivity is one 
advantage of these processes. One major limitation is that the materials that can be 
used are limited to those that can be recomposed from solution (Masuzawa, 2000). 
Electroforming is the highly specialized use of electrodeposition for the manufacture 
of metal parts. The metal that can be electroformed successfully are copper, nickel, 
iron or silver, thickness up to 16 mm , dimensional tolerances up to 1 µm, and surface 
finishes up to 0.05 µm Ra. The ability to manufacture complex parts to close tolerances 
and cost effectiveness have made the electroforming  applicable to both in 
traditional/macro manufacturing and new micromanufacturing fields (MacGeough et 
al., 2001). 
 
2.6.6 MEMS  Processes 
 
Micro-electro-mechanical system (MEMS) is one of the most important fields in 
micro-engineering and micro-system technology. To achieve micro-mechanical 
movements and to deliver useful driving forces, free-standing deep metallic structures 
have to be made (Cheng et al., 2003). 
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The manufacturing processes related to the MEMS and microelectronics fields are 
based on 2D or planer technologies. This implies the construction of components or 
products on or in initially flat wafers. The technologies related to silicon machining 
starts with the wafer preparation. MEMS products and integrated circuits are then 
formed by creating patterns in the various layers of the wafer. Pattern transfer consists 
of a photographical transfer of the desired pattern to a photosensitive film covering the 
wafer, followed by a chemical and physical process to remove or add material in order 
to create the pattern. The cycle is then repeated until the desired component has been 
fabricated. Photolithography is the basic technique used to define the shape of 
micromachined structures. Initially a mask is produced on chromium pattern on glass 
plate. The wafer is then coated with a photoresist. UV light is then projected through 
the mask onto the photoresist. When the photoresist is developed the pattern on the 
mask is transferred to the photoresist layer (Alting et al., 2003). 
 
2.6.7 LIGA  Process 
 
LIGA is the acronym for the German expressions for the three main process steps: 
Lithography (X-ray lithography), Galvanik (electroplating) and Abformtechnik 
(replication techniques as injection molding and /or hot embossing). LIGA enables the 
manufacture of micro-components made of non-silicon materials like plastics, metals 
and ceramics with almost any kind of lateral geometry and very high aspect ratios. For 
LIGA, in most cases, PMMA is used as resist material. In X-ray-lithography almost 
parallel high energy synchrotron rays enable the manufacture of very deep structure 
with vertical and very smooth side walls (MacGeough et al., 2001). If UV light or 
lasers are used instead of X-rays, less impressive resolutions and aspect ratios are 
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obtained at a relatively lower cost. When these structures are produced in polymers, 
the exposed structures areas can be filled by electroplating with different metals like 
nickel, gold, copper or certain alloys. Once the PMMA is dissolved, metallic micro 
structures are left (Alting et al., 2003). 
 
2.7 Summary  
 
The machining of materials on micrometer and submicrometer scales is considered to 
be a key future technology. Micro engineering plays an increasing role in the 
miniaturization of complete “machines” and their applications ranging from biological 
and medical applications to electro-mechanical sensors and actuators to chemical 
microreactors. Starting with conventional manufacturing process of machining, the 
main focus of this chapter is also given to the state-of-the art micromachining 















CHAPTER 3  




Machine tool and equipment, cutting tool materials, workpiece materials used in this 
study are discussed in this chapter. Details of the workpiece setup and machining 
procedure were also described.  
 
3.2 Machine Tool  
 
The experiments were carried out in a 3-axis multipurpose miniature tool (Figure 3.1) 
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It is possible to perform different micromachining process like micro-milling, micro-
turning, micro drilling, micro-EDM and micro-grinding in the same machine.  The 
machine tool has dimensions of 560 mm W × 600 mm D × 660 mm H, and the 
maximum travel range is 210 mm X × 110 mm Y × 110 mm Z. Each axis has an 
optical linear scale with resolution of 0.1 µm, and close loop feed back control ensures 
accuracy to submicron dimensions. The motion controller of this machine can execute 
CNC program from host computer. 
 
3.3 Workpiece and Cutting Tool Material 
 
Figure 3.2 shows the workpiece and cutting tools used in experiments. The workpiece 
materials used in this study were commercially available brass, aluminium alloy and 
stainless steel rod of 6.3 mm diameter.  
 
Figure 3.2:  Workpiece and cutting tool. 
The cutting tools used were commercially available Sumitomo Cermet insert type 
TCGP73XEFM (0.1 mm nose radius, 7º relief, chip breaker type) and SumiDIA PCD 
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positive insert type TCMD73X (0.1 mm nose radius, 7º front clearance and 10º rake 
angle). The tool shank used was Sumitomo type STGCR1010-09. 
 
3.4 Cutting Force Data Acquisition System 
 
 During cylindrical turning, three components of the cutting force are Fx (radial cutting 
force in X direction), Fy (tangential cutting force in Y direction) and Fz (axial cutting 
force in Z direction). The force components are shown in Figure 3.3 (Thiele and 
Melkote, 1999). 
 
Figure 3.3: Three components of cutting force. 
 
 The cutting force signals were measured with a three component dynamometer 
(KISTLER Type 9256A1), mounted below the tool holder. The force signals were 
subsequently amplified by a Kistler charge amplifier and then passed through an 
analog /digital interface. Finally the real time cutting force was displayed on a 
computer screen. Sony PC 208 Ax recorder recorded the cutting force signals. Figure 
3.4 shows the schematic view of the cutting force data acquisition system.   
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Figure 3.4: Cutting force data acquisition system. 
 
The sampling frequency of this digital cutting force data acquisition system was 24 
KHz and was recorded in a Sony data cartridge of 1.3 GB capacity inserted in the Sony 
digital data recorder. Later this digital data was processed with the PC scan II data 
acquisition software in the PC. This software enabled to measure the maximum, 
minimum, average or peak-to-peak cutting force values in Newton.  
 
3.5 Equipment Used 
 
3.5.1 Optical Microscope (OLYMPUS STM 6) 
Nomarski microscope (Olympus STM6) Measuring Microscope shown in Figure 3.5 
was used to observe machined surface, cutting tool wear and also to measure the 
different dimensions of the workpiece after machining. This microscope can be used 
only two types of magnification i.e. 100 times and 500 times. 
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Figure 3.5: Optical microscope 
 
3.5.2 Scanning Electron Microscope (SEM) 
Figure 3.6 shows the JEOL JSM-5500 scanning electron microscope used for capture 
image of micropin and microshafts. It was also used for chip analysis purpose. The 
resolution of SEM is 4.0 nm. Starting with 18 times, a surface can be magnified up to 
300,000 times in SEM. 
 
Figure 3.6: SEM unit 
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 3.5.3 Ultrasonic Cleaning Unit 
Before loading a sample of tiny workpiece for SEM analysis, it was cleaned 
ultrasonically by acetone. Figure 3.7 shows the ultrasonic cleaning unit.  
 
Figure 3.7: Ultrasonic cleaning unit 
3.5.4 Other Accessories 
Other accessories used for workpiece set up were tool holders, collet, align key etc. 
These are shown in Figure 3.8.  
 
Figure 3.8: Accessories for setting up. 
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3.6 CNC Programming 
 
The use of computer numerically controlled (CNC) machines has improved the 
production capability, the quality, and the complexity of components that can be 
produced by machining. Machine tool programming is essential to the successful use 
of CNC machine which responds to programmed signals from the machine control 
unit. To achieve micron range dimensions, precise control of the machine as well as 
the cutting parameters is important. The following sections concentrate on NC code 
generation applicable to micro- turning process.   
 
3.6.1 Elements of a CNC Machining System 
CNC machines may be the only equipment that can provide quick and accurate 
machining operations for workpieces that involve complex shapes such as three-
dimensional surfaces (Lin, 1994). The computer numerical control of machines is 
performed by the provision of a set of coded numerical instructions that provide 
motion and position data to the machine via controller. The three elements-machine 
tool, controller, and numerical control code- form the basis of any CNC process. With 
CNC machines, all speed and feed rate information is input to the machine controller, 
which then automatically controls the cutting conditions (Dorf and Kusiak, 1994). 
 
3.6.2 Numerical Control Codes 
Instructions to the machine are supplied as an ordered set of control codes, which are 
executed in sequence. Each control code provides the machine with a specific 
instruction, and the full set of control codes must fulfill the range of possible 
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instruction that the machine tool can perform.  Control codes used in this research is 
given in Table 3.1. 
Table 3.1: Control codes used for NC programming 
Code Type Code Purpose 
Position X,Y, Z To specify the movement of the programming axes 
G00 Rapid positioning (point to point). 
G01 Linear interpolation (cutting) 
G54 Work coordinate frame 1 selection 
G55 Work coordinate frame 2 selection 
G90 Specifies absolute position programming. 
Preparatory  
G92 Zero offset (programming of temporary zero point) 
Speed S Spindle speed designation in revolutions per minute. 
Feed Rate F Defines feed rate of tool relative to workpiece 
T01 Selection of tool-1 Cutter 
Selection T02 Selection of tool-2 
M00 Program stop 
M01 Optional program stop 
M03 Spindle on CW 
M05 Spindle off 
Miscellaneous
M30 Program end/memory reset. 
 
 
3.6.3 Three Phases of CNC Program 
 
 
Phase-I: PROGRAM SETUP 
 
The program setup contains all the instructions that prepare the machine tool for 
operation. The program setup phase is virtually identical in every program.  A sample 
program set up block is given below:  
G90   :  Use absolute coordinate system 
G54 T01 : Work coordinates frame selection, use Tool#1 
M3 S1500 : Turn the spindle on CW to 1500 rpm 
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Phase-II: MATERIAL REMOVAL
The material removal phase deals with the actual cutting movements. It contains all the 
commands that designate linear or circular motions, rapid movements, canned cycles 
such as grooving or profiling, or any other function required for that particular part. A 
sample programming block is given below: 
G00 X10.0 Z30.0 : Rapid movement to tool rest position(X10, Z30) from origin. 
G00 Y0.0 : Rapid movement to Y0.0 position. 
G00 Z0.0  : Rapid move to Z0.0 position. 
G00 X2.5  : Rapid movement to at a distance of 2.5 mm in X axis. 
G01 Z-5.0 F0.1 : Cutting material from 5.0 mm length at a feed of 0.1 mm/sec. 
G00 X 10.0 : Rapid movement to X0.0 position (tool rest position). 
G00 Z30.0 : Rapid movement to Z30.0 position (tool rest position). 
 
Phase-III: SYSTEM SHUTDOWN
The system shutdown phase contains M-codes that turn off all the options that were 
turned on in the setup phase. Spindle rotation must be shut off prior to removal of the 
part from the machine. The shutdown phase also is virtually identical in every 
program. The sample codes are as:  
M05 : Turn the spindle off 
M30 : End of program 
 
3.6.4 NC Code Generation for Taper µ-Turning 
 
The existing SLICER program is able to generate CNC codes for straight microturning 
operation. It was not capable of generating NC codes for taper microturning operation. 
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For this reason another program, TAPER TURNER was written in Borland C++ 
Builder 6.0 environment for generation of NC codes for taper microturning. Taper 
turning of a microshaft can be possible as described by the cutting method shown in 
Figure 3.9. In this case, cutting tool motion is parallel to the axis of the workpiece. 




Figure 3.9: Taper turning parallel to the workpiece axis. 
 
If t is the depth of cut, α is the taper angle, R and r are  the larger and smaller taper 
radius respectively, total number of rough cuts parallel to workpiece axis (nw) can be 
determined from Eq. (3.3) as: 
                 w
R rn
t
−=                                                                                                      (3.3) 
Tapered surface can also be generated by machining parallel to the tapered surface 
shown in Figure 3.10.  
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Figure 3.10: Taper turning parallel to taper axis. 
 
If t is the depth of cut, α is the taper angle, R and r are  the larger and smaller taper 
radius respectively, the number of  rough cuts parallel to tapered surface (nt) can be 
calculated from Figure 3.11 as follows: 
              )90sin()( α−−=× rRtnt  
             
t
rRnt αcos)( −=⇒                                                                                      (3.1) 
 
Fig.3.11: Diagram for calculation of no of cuts parallel to taper surface. 
 
For same t, α, R, r it is found that nt < nw. For efficient manufacturing and machining 
tame saving point of view, turning parallel to taper surface is preferable than that of 











Depth of cut (t) 
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While writing the source codes, Equation (3.1) was used as the governing equation and 
simple program control statements were used (Schildt, 2000). The user interface shown 
in Figure.3.12 is has two different areas-Cutting Conditions and NC Codes. 
 
Figure 3.12: Taper Turner window for uploading workpiece dimensions and cutting 
parameters. 
 
TAPER TURNER program was written according two different cutting path schemes 
shown in Figure 3.13.  
(a) Forward Cutting (b) Reverse Cutting 
Figure 3.13: Forward and reverse cutting mechanism of Taper Turner. 
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By uploading the workpiece dimensions and appropriate machining parameters and 
selecting one of the cutting path schemes, NC codes for taper turning can be generated. 
When the NC program is generated, it is then saved as an NC extension format (eg. 
file-name.nc) and can be uploaded to the machine controller visual interface to run the 
machining operation. Figure 3.14 shows the Taper Turner NC code window. A sample 
NC program is attached in Appendix. 
 
Figure 3.14: Taper Turner NC code window.  
 
3.7 Experimental Procedure 
 
3.7.1 Dynamometer and Workpiece Setup 
The workpiece, 6.3 mm diameter rod, was attached in the collet. After that it was 
clamped in the spindle unit of the machine. Cutting tool insert was attached to the tool 
shank which was mounted below the tool holder. Cutting tool was kept stationary and 
the rotational and the feed motions of the spindle carried out the machining process. 
The dynamometer was mounted on the top of the machine bed (Figure 3.15) and was 
connected to the cutting force data acquisition system. 
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Figure 3.15: Dynamometer and tool holder set-up for force measurement. 
 
3.7.2 Setting Initial Coordinate System 
Before starting the turning operation, the initial coordinate system was set. There are 
three different coordinates x, y and z as shown in Figure 3.16.  
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The initial coordinate system, (X0, Y0, Z0) was set at the centre of the work piece 
where it coincides with the tip the cutting tool. This is the workzero position from which 
all distances were calculated during the machining operation. This coordinated position 
was then updated in the parameter section (as G54 reference coordinate) of user 
interface shown in Figure 3.17. 
 
3.7.3 Starting the Machining Process 
Straight microturning operation was applied using step cutting process. NC codes were 
generated according to the cutting parameters for the particular experiment. These NC 
codes were then loaded onto the user interface shown in Figure 3.17. Machining was 
then carried out according to the NC codes generated and simultaneously cutting force 
was then recorded.  
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3.8 Data Processing Technique 
 
3.8.1 Cutting Force Measurement 
The cutting force data recorded during the machining process were retrieved from the 
data cartridge using the tape, interface and the PC scan II software installed in a 
computer. The real- time plot was played and frozen at desired cutting times. In this 
frozen plot the cutting force data of X, Y and Z component were exported and saved as 
ASCII-tab files and later retrieved in Microsoft Excel format for further analysis. 
Maximum cutting force (N) was measured for analysis in this study. 
  
3.8.2 Chip Analysis 
Chips were collected during the machining process for SEM analysis. In SEM, the 
magnified images of the chips were captured. During the analysis, the structure of the 
chips and the influencing variables of the machining process were investigated with 




In this chapter, detail descriptions of the equipment used in microturning experiment 
were given. Experimental procedure for cutting force measurement in microturning 











4.1 Introduction  
 
 
The objective of this chapter is to obtain a suitable range of cutting parameters and 
their influence on forces during external cylindrical longitudinal microturning. 
Commercially available brass (~60 % Cu, ~40 % Zn), aluminium alloy (~ 52 % Al, 
remaining are Si, Mg, Cu, and Zn) and  316 L SS (~ 16 % Cr, ~ 10% Ni, ~3% Mo, 
~0.03 % C and remaining percentage are Fe) materials were selected for microturning 
experiment with  initial workpiece diameter of 5 mm. PCD and cermet inserts were 
used as cutting tool. Experiments were carried out by varying the speed (s), feed rate (f) 
and depth of cut (t). One parameter was varied while the other two were kept constant 
in order to identify the best combination of cutting parameters. In every case, turning 
length was kept 200 µm.  The effects of the individual cutting parameters are 
explained in detail in the following sections. 
 
4.2 Machining of Brass 
 
4.2.1 Force Analysis for Cermet Insert 
4.2.1.1 Effect of Depth of Cut  
Figure 4.1 displays the change of force in relation to the depth of cut during 
microturning of brass. At shallow depth of cut (t = 0.5 µm), the thrust force (Ft) proved 
to be the dominant force component. The tangential force (Fc) showed a distinctly 
lower value (68.08 % Ft). With increasing depth of cut, these forces also increased. At 
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around 7 µm depth of cut, Fc and Ft reached to equal value and after that, tangential 
force dominates over thrust force. At 10 µm depth of cut, the thrust force was found as 
1.188 N (91.31 % Fc). With further increasing the depth of cut, an increasing trend of 
Fc was observed. At 200 µm depth of cut, the value of Ft and Fc were found as 1.171 N 
and 2.905 N respectively.  
Feed rate = 0.1 mm/sec
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Figure 4.1: Effect of depth of cut on force components. 
This result is in good agreement with the conceptional models of micro cutting 
(Moriwaki and Okuda, 1989). When cutting with large depth of cut in comparison to 
the roundness of the cutting edge, the work material is removed by conventional 
cutting and tangential force is dominant over thrust force. At very small depth of cut, 
the plastic deformation such as rubbing and burnishing is dominant rather than cutting 
in the chip formation processes which generate relatively large thrust force. 
 
4.2.1.2 Effect of Feed Rate  
With the increase of feed rate, the contact area between tool and workpiece increases. 
As a result, material removal rate increases which contribute to the increase in forces. 
The following graphs (Figure 4.2 and 4.3) depict the influence of feed rate on force 
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dominating force component. It was also found that with increase of feed rate, the 
forces also increased. 
Depth of cut = 5 µm
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Figure 4.2: Effect of feed rate on force at shallow depth of cut. 
 
But at higher depth of cut (t = 150 µm), the tangential force was dominant and the 
effect of feed rate was found more significant (Figure 4.3). At f = 0.1 mm/sec, the 
values of Ft and Fc were 1.0986 N and 2.4414 N. An increase of the feed rate leads to 
an almost linear increase of the cutting force and thrust force. At f = 0.5 mm/sec, the 
corresponding values of Ft and Fc were 2.85 N and 6.32322 N. 
Depth of cut = 150 µm





















Figure 4.3: Effect of feed rate on force at high depth of cut. 
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At low depth of cut, the thrust force (Ft) was found to be the dominating force 
component. However, at large depth of cut, the result is similar to conventional cutting 
and agrees with that obtained by Spur et al. (2000), for external cylindrical turning. 
 
4.2.1.3 Effect of Spindle Speed  
At low feed and low depth of cut, thrust force was greater than tangential force as can 
be seen from Figure 4.4. Both thrust and tangential forces increased slowly from low 
to medium speed, sharply from medium to intermediate speed. This might be the 
reason of increased friction between tool and work material owing to insufficient 
cutting speed (Lu and Yoneyama, 1999). At high speed region, frictional resistance 
decreases because of less material removal rate which reduces the force components.  
























Figure 4.4: Effect of spindle speed on force at low doc and low feed. 
At low depth of cut and high feed, the effect can be seen from Figure 4.5. Both thrust 
and tangential forces decreased with increasing speed because of reduced tool 
workpiece contact area (Trent and Wright, 2000). 
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Depth of cut = 5 µm






















Figure 4.5: Effect of spindle speed on force at low doc and high feed. 
 
At low feed and high depth of cut, tangential force was dominant over thrust force 
(Figure 4.6). At 1000 rev/min, the values of Ft and Fc were 1.0986 N and 2.4414 N 
respectively. Ft increased slowly from 1000 rev/min to 2000 rev/min. It then decreased 
with increasing rpm from 2000 to 4000.  Tangential force also decreased with 
increasing spindle speed. At 4000 rev/min, the corresponding values of thrust and 
tangential forces were found as 1.139 N and 1.6038 N. 
Depth of cut = 150 µm




















Figure 4.6: Effect of spindle speed on force at high doc and low feed. 
At high depth of cut and high feed rate, both force components decreased with 
increased speed as shown in Figure 4.7.  
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Fig.4.7: Effect of spindle speed on force at high doc and high feed. 
 
At 1000 rev/min, the values of Ft and Fc were 2.85 N and 6.32322 N. While at 4000 
rev/min, thrust force and tangential forces were found as 1.3671 N and 2.9622 N 
respectively. An increase in speed results decrease in material removal rate which 
reduces the tool force because of shorter work-tool contact length on the rake face 
(Trent and Wright, 2000). These results are quite similar to those obtained by many 
researchers for turning experiments. For most workpiece materials, increasing speed 
leads to lower cutting forces (Black et al., 1996). Lu and Yoneyama (1999) also 
showed that cutting force decreases as the cutting speed increases in case of micro 
cutting.  
 
4.2.2 Chip Analysis for Cermet Insert 
 
The main objective of machining is the shaping of the new work surface. Therefore, 
attention is also given in this research to the formation of the chip, which is a waste 
product. Detailed knowledge of the chip formation process is required for the 
understanding of the accuracy and condition of the machined surface of the desired 
component. The top surface of the chip was plastically deformed and formed lamellar 
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structure. The bottom surface, which was in contact with the tool, is found to be much 
smoother, and possesses long scratch marks. The top and bottom surface of a brass 
chip observed in SEM is shown in Figure 4.8. 
(a) Bottom Surface (b) Top Surface 
Figure 4.8: Chip surfaces in SEM (2500 times magnification). 
4.2.2.1 Effect of Depth of Cut  
The effect of depth of cut on chip formation was observed and shown in Figure 4.9.  
The cutting conditions were: feed rate 6 µm/rev, speed 1000 rev/min and  depth of cuts 
were: (a) 0.8 µm, (b) 1  µm, (c) 20  µm, and (d) 200  µm. When depth of cut was low, 
rubbing and abrasive action is dominant over cutting and short continuous chips of 
irregular structures were formed. At large depth of condition, the work material is 
removed by conventional cutting and long continuous type chips were formed.  
 
(a) t = 0.8 µm (b) t = 1 µm 
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(c) t = 20 µm (d) t = 200 µm 
Figure 4.9: SEM micrographs of brass chips under different depth of cut. 
 
4.2.2.2 Effect of Feed Rate  
SEM observations on the chip formation indicated that in micro turning of brass with 
cermet cutting tool, continuous types chips were formed under different feed rate as 
shown in Figure 4.10. At low cutting depth (t = 5 µm),feed effect was not significant 
on chip shape as shown in Figure  4.10 (a) and (b), when feed rate was increased form 
6 µm/rev to 30 µm/rev  under same depth of cut ( 5 µm) and speed ( 1000 rev/min) 
condition. But at high depth of cut ( t =150 µm), if feed is increased form 6µm/rev to 
18 µm/rev, the contact area between tool and workpiece increased and chips were 
found  more compact as seen from Figure  4.10 (c) and (d). 
(a) t = 5 µm, f = 6µm/rev (b) t = 5 µm, f =30 µm/rev 
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(c) t = 150 µm, f = 6µm/rev (d) t = 150 µm, f =18 µm/rev 
Figure 4.10: SEM micrograph of chips under different feed rate conditions. 
 
4.2.2.3 Effect of Spindle Speed  
Effect of speed on chip formation can be seen from SEM micrographs of Figure 4.11. 
Keeping the feed rate as 0.1 mm/sec and depth of cut as 5 µm, with increasing speed 
from 1000 rev/min to 4000 rev/min, chip breaking was found as can be seen from 
Figure 4.11(a) and (b). At high depth of cut (150 µm) and 0.1mm/sec feed rate, if 
speed increased from 1000 rev/min to 4000 rev/min, chip segmentation occurred and 
regular curly shape disappeared as can be seen clearly form Figure 4.11 (c) and (d). At 
higher cutting speeds, the fracture initiates in the primary zone and propagates towards 
the free surface of the chip. This results chip segments to be separated from each other 
at the free surface (Shivpuri et al., 2002). 
 
(a) t = 5 µm, s = 1000 rev/min (b) t = 5 µm, s =  4000 rev/min 
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(c) t = 150 µm, s = 1000 rev/min (d) t = 150 µm, s = 4000 rev/min 
Figure 4.11: SEM micrographs of chips under different speeds and depth of cuts. 
 
4.2.3 Force Analysis for PCD Insert 
 
4.2.3.1 Effect of Depth of Cut  
Figure 4.12 displays the change of machining force in relation to the depth of cut 
during micorturning of brass with PCD insert.  
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Figure 4.12: Effect of depth of cut on force. 
In all cases, feed rate and spindle speed were kept at 0.1 mm/sec and 1000 rev/min, 
respectively. At shallow depth of cut (t = 0.5 µm), the thrust force was found as the 
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(74.73 % Ft). This was due to the reason that at small depth of cut, the plastic 
deformation such as rubbing and burnishing is dominant rather than cutting which 
generate relatively large thrust force.  With increasing depth of cut, force components 
also increased. At 3µm, Fc reached to a value that was still less than thrust force. At 
5µm, similar trend was observed; Fc is 91.77 % Ft. With further increasing the depth of 
cut, an increasing trend of Fc was found. At 10 µm depth of cut, the value of Fc was 
found to be greater than that of thrust force (Fc is 111.48 % of Ft).  At 200 µm depth of 
cut, the value of the thrust force and tangential forces were 1.139 N and 2.8727 N 
respectively. When cutting with large depth of cut, the work material is removed by 
conventional cutting and tangential force is dominant over thrust force. The result is 
similar to conventional cutting and agrees with that obtained by Spur et al. (2000), for 
external cylindrical longitudinal turning experiment. 
 
4.2.3.2 Effect of Feed Rate  
At low depth of cut (5µm), the thrust force (Ft) was found to be the dominating force 
component. Both the thrust and tangential forces showed increasing trend with 
increasing feed rate as can be seen from Figure 4.13. 
Depth of cut = 5 µm 






















Figure 4.13: Effect of feed rate on force at shallow depth of cut. 
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But at higher depth of cut, the effect of feed rate on force was more significant (Figure 
4.14). It was found that tangential force was the dominating cutting force component. 
Increasing feed rate from 0.1 mm/sec to 0.5 mm/sec, lead to an almost linear increase 
of the Fc up to 5.501 N. With the increase of feed rate, the contact area between tool 
and workpiece increases. As a result, material removal rate increases which contribute 
to the increase in forces. 
 depth of cut=150 µm




















Figure 5.14: Effect of feed rate on force at higher depth of cut. 
4.2.3.3 Effect of Spindle Speed  
At low feed and low depth of cut (Figure 4.15), thrust force increased from low to 
medium speed and decreased at high speed. Tangential force showed a similar trend. 
At low speed region, friction between tool and work material is rather high owing to 
insufficient cutting speed which increases the forces (Lu and Yoneyama, 1999). At 
high speed region the forces decreases because of reduced tool workpiece contact area 
(Trent and Wright, 2000).  
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depth of cut = 5µm




















Figure 4.15: Effect of spindle speed on force at low doc and low feed. 
At high feed (0.5 mm/sec) and low depth of cut (5 µm), thrust force increased from 
low to medium speed and decreased at high speed. Tangential force showed a 
fluctuating trend but decreased at high speed as seen in Figure 4.16. This is due to the 
reason that an increase in speed decreases the material removal rate per unit time. As a 
result, tool workpiece contact area decreases which further reduces the stresses acting 
on the tool (Trent and Wright, 2000).  
depth of cut = 5 µm




















Figure 4.16: Effect of spindle speed on force at low doc and higher feed. 
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Figure 4.17 shows the variation of cutting force with spindle speed at high depth of cut 
(150 µm) and low feed rate (0.1 mm/sec) condition. With increasing speed, thrust force 
increased to a certain limit and after that it decreased. Tangential force also decreased 
with increased spindle speed. 
depth of cut =150 µm



















Figure 4.17: Effect of spindle speed on force at high depth of cut and low feed rate. 
 
A similar trend is observed with increasing speed at high depth of cut (150 µm) and 
high feed rate (0.5 mm/sec). This can be seen from Figure 4.18. At high speed region 
tool force reduces because of shortening the work-tool contact length on the rake face 
(Trent and Wright, 2000). 
depth of cut =150 µm




















Fig.4.18: Effect of spindle speed on force at high depth of cut and high feed rate. 
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4.2.4 Chip Analysis for PCD Insert 
 
Chips formed during microturning of brass material with PCD insert at a cutting 
condition of t = 5 µm, f = 6 µm/rev and s = 1000 rev/min was investigated in SEM and 
the micrograph is shown in Figure 4.19. The bottom surface of chip was found much 
smoother as it was constrained only by the rake face of the tool, and the metal is free to 
move in all other directions. Material on the top surface suffered severe plastic 
deformation and a squeezing surface was produced.  
 
Figure 4.19: Chip surfaces when magnified in SEM. 
 
4.2.4.1 Effect of Depth of Cut   
SEM micrographs of chips formed under different depth of cuts were shown in Figure 
4.20. The cutting conditions were: feed rate 6 µm/rev, speed 1000 rev/min and  depth 
of cuts were: (a) 0.5 µm, (b) 1  µm, (c) 10  µm, (d) 50 µm, (e) 100 µm and , (f) 200 µm 
respectively. At very low depth of cut, material is removed by rubbing rather than 
cutting between the cutting edge and workpiece surface. As a result, partly continuous 
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Figure 4.20 (a). At large depth of condition, the work material is removed by 
conventional cutting and long continuous type chips were formed as shown in Figure 
4.20(c), (d), (e) and (f). 
 
(a) t = 0.5 µm (b) t = 1 µm 
 
(c) t = 10 µm (d) t = 50 µm 
 
(e) t =100 µm (f) t = 200 µm 
            Figure 4.20: SEM micrographs of chips under different depth of cuts conditions. 
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4.2.4.2 Effect of Feed Rate  
SEM observation indicated that continuous chips were formed at two different feed 
rates as can be seen from Figure 4.21.  The cutting conditions were depth of cut 5 µm, 
speed 1000 rev/min and feed rates were: (a) 6 µm/rev, and (b) 30 µm/rev. With the 
increase of feed rate, the contact area between tool and workpiece increased and 
regular curly chips were formed. 
(a) t = 5 µm, f = 6 µm/rev  (b) t = 5 µm, f =30 µm/rev 
Figure 4.21: SEM micrographs of chips under two different feed rate conditions. 
 
4.2.4.3 Effect of Spindle Speed  
SEM micrographs of chip formed under various speeds are shown in Figure 4.22. Feed 
rate was kept as 0.1 mm/sec, depth of cut was 5 µm and speeds were: (a) 1000 rev/min 
and (b) 4000 rev/min. In this case, with increasing speed, chip segmentation was 
observed. At high depth of cut (150 µm) and 0.1mm/sec feed rate, when speed was 
increased from 1000 rev/min to 4000 rev/min., chip segmentation observed more 
clearly and regular curly shape disappeared as can be seen clearly form Figure 4.22 (c) 
and (d). At higher cutting speeds, the fracture initiates in the primary zone and 
propagates towards the free surface. This results chip segments to be separated from 
each other at the free surface (Shivpuri et al., 2002). 
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(a) t = 5 µm, s =1000 rev/min  
 
(b) t = 5 µm, s = 4000 rev/min 
 
 
(c) t = 150 µm, s = 1000 rev/min 
 
(d) t = 150 µm, s = 4000 rev/min 
Figure 4.22: SEM micrographs of chip formed under different speeds. 
 
 4.3 Machining of Aluminium Alloy  
 
 
The important factors in selecting aluminium alloys for manufacturing purpose are 
their high strength-to-weight ratio, resistance to corrosion, high thermal and electrical 
conductivity, and appearance, and their ease of machinability. Microturning of 
aluminium alloy (~ 52 % Al, remaining are Si, Mg, Cu, and Zn) was conducted with 
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4.3.1 Force Analysis  
The measurement of cutting force components is highly essential to analyze more 
effectively the machinability factors of aluminium alloy.  
 
5.3.1.1 Effect of Depth of cut 
The cutting conditions and corresponding measured force values are listed in Table 4.1. 
The influence of depth of cut on the thrust force and tangential force during 
microturning of aluminium alloy can be seen graphically from Figure 4.23. At shallow 
depth of cut (t = 0.5 µm), the values of thrust force and tangential forces were 0.3499 
N and 0.299 N respectively. Thrust force was the dominant cutting force component. 
This result is in good agreement with the conceptional models of micro cutting 
(Moriwaki and Okuda, 1989). At very small depth of cut, the plastic deformation such 
as rubbing and burnishing is dominant rather than cutting in the chip formation 
processes which generate relatively large thrust force. With increasing depth of cut, 
both of the forces also increased. At around 1 µm, Fc and Ft reached to almost equal 
value and after that, tangential force dominates over thrust force. With further 
increasing the depth of cut, an increasing trend of Fc was found. At 200 µm depth of 
cut, the value of Ft and Fc were found 0.83 N and 3.87 N respectively.   
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Table 4.1: Experimental conditions and results for depth of cut variations. 
 Cutting Conditions Measured Force Component 
Exp. 
No. 
Depth of Cut 
t (µm) 
Feed Rate 
f ( mm/sec) 
Spindle Speed 





1 0.5 0.1 1000 0.34990 0.29900 
2 0.8 0.1 1000 0.36600 0.30600 
3 1.0 0.1 1000 0.38200 0.35800 
4 3.0 0.1 1000 0.47200 0.63000 
5 5.0 0.1 1000 0.52890 0.83800 
6 10.0 0.1 1000 0.65100 1.38340 
7 20.0 0.1 1000 0.68300 1.47290 
8 30.0 0.1 1000 0.69900 1.58691 
9 40.0 0.1 1000 0.70100 1.77408 
10 50.0 0.1 1000 0.69986 2.0500 
11 60.0 0.1 1000 0.83000 2.27000 
12 70.0 0.1 1000 0.72400 2.28677 
13 80.0 0.1 1000 0.77300 2.29490 
14 90.0 0.1 1000 0.74000 2.57100 
15 100.0 0.1 1000 0.72400 2.56300 
16 110.0 0.1 1000 0.81300 2.93780 
17 120.0 0.1 1000 0.77300 2.91300 
18 130.0 0.1 1000 0.86260 3.01000 
19 140.0 0.1 1000 0.82190 3.30000 
20 150.0 0.1 1000 0.83000 3.53000 
21 160.0 0.1 1000 0.86260 3.45000 
22 170.0 0.1 1000 0.84600 3.44000 
23 180.0 0.1 1000 0.83000 3.53189 
24 190.0 0.1 1000 0.85400 3.67000 
25 200.0 0.1 1000 0.83000 3.87000 
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4.3.1.2 Effect of Feed Rate 
The cutting conditions and corresponding measured force components with the 
variation of feed rate under two different depths of cut conditions are listed in Table 
4.2.  
Table 4.2: Experimental conditions and results for feed variations 
 Cutting Conditions Measured Force Component 
Exp. 
No. 
Depth of Cut 
t (µm) 
Feed Rate 
f ( mm/sec) 
Spindle Speed 





1 5 0.1 1000 0.52890 0.83800 
2 5 0.2 1000 0.63400 0.98440 
3 5 0.3 1000 0.72400 1.08300 
4 5 0.4 1000 0.79750 1.11250 
5 5 0.5 1000 0.82190 1.12440 
6 150 0.1 1000 0.83000 3.5300 
7 150 0.2 1000 1.22880 4.84221 
8 150 0.3 1000 1.34277 5.50940 
9 150 0.4 1000 1.4400 6.37300 
10 150 0.5 1000 1.69270 6.83590 
 
Figure 4.24 depicts the graphical representation of the influence of feed rate on cutting 
force at low depth of cut condition. When depth of cut is 5 µm, the tangential force (Fc) 
was found to be the dominating force component. At f = 0.1 mm/sec, both the thrust 
and tangential forces were low at 0.5289 N and 0.838 N respectively.  With increasing 
feed rate, the contact area between the tool and workpiece increases, which results 
more frictional forces on the tool. At f = 0.5 mm/sec, the corresponding values of 
thrust and tangential forces were 0.8219 N and 1.1244 N. 
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Depth of cut = 5 µm



















Figure 4.24: Influence of feed rate on force at low depth of cut. 
But at large depth of cut (t = 150 µm), the tangential force was also dominant as can be 
seen from Figure 4.25. At f = 0.1 mm/sec, the values of Ft and Fc were 0.83 N and 3.53 
N. An increase of the feed rate leads to an almost linear increase of the cutting force. 
At   f = 0.5 mm/sec, the corresponding values of Ft and Fc were 1.6927 N and 6.8359 
N. This result is almost similar to that obtained for turning of aluminium metal matrix 
composite (Manna and Bhattacharayya, 2003). 
Depth of cut =150 µm





















Figure 4.25: Influence of feed rate on force at large depth of cut. 
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4.3.1.3 Effect of Spindle Speed   
 Experiments were also conducted to investigate the influence of spindle speed on 
cutting force components. The cutting conditions and corresponding measured force 
components with the variation of feed rate under two different depths of cut and feed 
conditions are listed in Table 4.3.  
             Table 4.3: Experimental conditions and results for speed variations 
 Cutting Conditions Measured Force Component 
Exp. 
No. 
Depth of Cut 
t (µm) 
Feed Rate 
f ( mm/sec) 
Spindle Speed 





1 5 0.1 1000 0.5289 0.8380 
2 5 0.1 2000 0.7810 1.0091 
3 5 0.1 3000 0.9900 1.1310 
4 5 0.1 4000 0.7320 1.0660 
5 5 0.5 1000 0.8219 1.2044 
6 5 0.5 2000 1.6276 2.1720 
7 5 0.5 3000 1.6927 2.0670 
8 5 0.5 4000 1.5706 1.8390 
9 150 0.1 1000 0.8300 3.5300 
10 150 0.1 2000 0.9765 2.7010 
11 150 0.1 3000 0.8800 1.9856 
12 150 0.1 4000 0.8110 1.8100 
13 150 0.5 1000 1.6927 6.8359 
14 150 0.5 2000 1.3800 5.5680 
15 150 0.5 3000 1.4890 4.1210 
16 150 0.5 4000 1.1550 3.2191 
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At low feed and low depth of cut, tangential force was greater than thrust force (Figure 
4.26). At 1000 rpm, the values of thrust force and tangential forces were 0.5289 N and 
0.8380 N. Increasing speed up to 3000 rpm, both the force components were increased 
linearly because of friction between tool and work material was high owing to 
insufficient cutting speed which increased the forces. With further increasing the speed, 
a decreasing trend of the force components was observed at high speed region because 
of reduced tool workpiece contact area (Trent and Wright, 2000).  
Depth of cut = 5 µm



















Figure 4.26: Effect of spindle speed on force at low doc and low feed. 
At low depth of cut and high feed, the effect can be seen from Figure 5.27. Both Ft and 
Fc increased with increasing speed form low to medium speed region, after that 
decreased at high speed region. 
Depth of cut = 5 µm



















Figure 4.27: Effect of spindle speed on force at low doc and high feed. 
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At low feed and high depth of cut, the tangential force is dominant over thrust force 
(Figure 4.28). At 1000 rev/min, the values of Ft and Fc were 0.83 N and 3.53 N 
respectively. Ft increased slowly from 1000 rev/min to 2000 rev/min. It then decreased 
with increasing rpm from 2000 to 4000.  Tangential force also decreased with 
increasing spindle speed. At 4000 rev/min, the corresponding values of thrust and 
tangential forces were found as 0.811 N and 1.81 N. 
Depth of cut = 150 µm






















Figure 4.28: Influence of spindle speed on force at high doc and low feed condition. 
At high depth of cut and high feed rate, both force components decreased with 
increasing speed as shown in Figure 5.29. At 1000 rev/min, the values of Ft and Fc 
were 1.6927 N and 6.8359 N. While at 4000 rev/min, thrust force and tangential forces 
were found as 1.1550 N and 3.2191 N respectively. An increase in speed results 
decrease in material removal rate which reduces the tool force because contact length 
on the rake face becomes shorter (Trent and Wright, 2000). These results are quite 
similar to those obtained by many researchers for turning experiments. For most 
workpiece materials, increasing cutting speed leads to lower cutting forces (Black et al., 
1996). Manna and Bhattacharayya. (2003) also showed that cutting force decreases as 
the cutting speed increases in case of turning of aluminium alloy.  
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Depth of cut = 150 µm






















Figure 5.29: Effect of spindle speed on force at high doc and high feed condition. 
 
4.3.2 Chip Morphology 
 
The purpose of this section is to depict the SEM observations of chip formation. The 
cross section of the chip is not strictly rectangular. Since it is constrained only by the 
rake face of the tool, the metal is free to move in all other directions as it is formed into 
the chip. The chip tends to spread sideways, so that the width is greater than the depth 
of cut. The upper surface of the chip is always rough, usually with minute corrugations 
and ‘fold’ type structure. Figure 4.30 shows continuous and lamellar chip structure in 
machining of aluminium alloy.  
 
(a) Bottom Surface 
 
(b) Top Surface 
Figure 4.30: Aluminum alloy chip surfaces observed in SEM. 
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4.3.2.1 Effect of Depth of Cut  
Figure 4.31 reports on the types of chips that have been formed with variation of depth 
of cut. It was also found that continuous chip formation occurred under all cutting 
conditions.  
 
(a) t = 0.5 µm 
 
 
(b) t = 1 µm 
 
(c) t = 20 µm 
 
(d) t = 60 µm 
 
(e) t = 100 µm 
 
(f) t = 200 µm 
Figure 4.31:  SEM micrographs of chip shape variation with depth of cut. 
 67
Chapter 4                                                                                             Micromachining 
The different cutting conditions for chip observations were: feed rate 6 µm/rev, speed 
1000 rev/min and depth of cuts were: (a) 0.5 µm, (b) 1 µm, (c) 20 µm, (d) 60 µm, (e) 
100 µm and, (f) 200 µm respectively. At very low depth of cut, material is removed by 
rubbing rather than cutting between the cutting edge and workpiece surface. As a result, 
partly continuous and slice types chips were formed. But at high depth of cut 
conditions the work material is removed by conventional cutting and long continuous 
type chips were formed.  
 
4.3.2.2 Effect of Feed Rate  
SEM observations on the chip formation indicated that in the micro turning of 
aluminum alloy with PCD tool, ductile chips were formed under different feed rate as 
shown in Figure 4.32 (a), (b), (c), and (d).  
(a) t = 5 µm,  f= 6µm/rev  
 
(b) t = 5 µm, f =30 µm/rev 
(c) t = 150 µm, f = 6µm/rev (d) t = 150 µm, f =30 µm/rev 
Figure 4.32: SEM micrograph of chips at different feed rates. 
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With the increase of feed rate, the contact area between tool and workpiece increased 
and regular curly chips were formed. When feed rate was increased form 6 µm/rev to 
30 µm/rev  keeping the depth of cut 5 µm and speed 1000 rev/min, chip curl was more 
prominent at higher feed rate as can be seen from Figure  4.32 (a) and (b). But at t 
=150 µm and  s = 1000 rev/min, if feed was increased form 6µm/rev to 30 µm/rev, 
long helical chips were found to be formed at higher feed and depth of condition as can 
be seen from  Figure 4.32 (c) and (d). 
 
4.3.2.3 Effect of Spindle Speed  
Effect of speed on chip formation was also observed as can be seen from SEM 
micrographs of Figure 4.33.  
 
(a) t = 5 µm, s = 1000 rev/min 
 
(b) t = 5 µm, s =  4000 rev/min 
 
 
(c) t = 150 µm, s = 1000 rev/min 
 
(d) t = 150 µm, s = 4000 rev/min 
Figure 4.33: SEM micrographs of chips under different speeds. 
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At first case, feed rate was kept as 0.1 mm/sec, depth of cut was 5 µm and speeds were: 
(a) 1000 rev/min and (b) 4000 rev/min. In this case, with increasing speed, chip 
segmentation was found. At high depth of cut (150 µm) and 0.1mm/sec feed rate, 
speed was increased from 1000 rev/min to 4000 rev/min and found that chip 
segmentation occurred more severely. Regular curly shape disappeared as can be seen 
clearly form Figure 4.33 (c) and (d). Segmented chip formation is not triggered by 
machine tool vibration but is related to the inherent metallurgical features of the 
workpiece for the machining condition used (Trent and Wright, 2000).  
 
4.4 Machining of Stainless Steel 
 
 
Stainless steels are considered to be difficult to machine due to their high tensile 
strength, high ductility, high work hardening rate, low thermal conductivity, and 
abrasive character. Microturning was carried with  commercially available 316 L SS (~ 
16 % Cr, ~ 10% Ni, ~3% Mo, ~0.03 % C and remaining percentage are Fe) using  
cermet insert.  
 
4.4.1 Force Analysis 
 
4.4.1.1 Effect of Depth of Cut  
The cutting conditions and corresponding measured force components are listed in 
Table 4.4. The influence of depth of cut on the forces during microturning of stainless 
steel can be seen graphically from Figure 4.34. At shallow depth of cut (t = 0.5 µm), 
the thrust force and tangential forces were 2.18 N and 1.7 N. At very small depth of cut, 
the plastic deformation such as rubbing and burnishing is dominant rather than cutting 
in the chip formation processes which generate relatively large thrust force.  
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Table 4.4: Experimental conditions and results for depth of cut variations 
 Cutting Conditions Measured Force Component 
Exp. 
No. 
Depth of Cut 
t (µm) 
Feed Rate 
f ( mm/sec) 
Spindle Speed 





1 0.5 0.1 1000 2.1800 1.7000 
2 0.8 0.1 1000 2.6690 2.2000 
3 1.0 0.1 1000 3.2580 2.6680 
4 3.0 0.1 1000 3.7957 4.9100 
5 5.0 0.1 1000 4.4500 7.2260 
6 10.0 0.1 1000 6.1100 8.0891 
7 20.0 0.1 1000 5.9700 9.0500 
8 30.0 0.1 1000 6.2250 9.0400 
9 40.0 0.1 1000 6.3900 9.2000 
10 50.0 0.1 1000 6.1500 9.6670 
11 60.0 0.1 1000 6.6300 10.4400 
12 70.0 0.1 1000 7.1100 11.3100 
13 80.0 0.1 1000 6.8600 12.2300 
14 90.0 0.1 1000 6.5300 11.7000 
15 100.0 0.1 1000 6.3550 13.6900 
16 110.0 0.1 1000 7.0100 15.3900 
17 120.0 0.1 1000 7.5700 14.9500 
18 130.0 0.1 1000 7.0880 15.1500 
19 140.0 0.1 1000 7.6400 17.1140 
20 150.0 0.1 1000 7.1695 17.5300 
21 160.0 0.1 1000 7.7550 19.2880 
22 170.0 0.1 1000 8.6500 20.0500 
23 180.0 0.1 1000 9.3200 22.5300 
24 190.0 0.1 1000 9.8400 23.1700 
25 200.0 0.1 1000 10.8700 24.5200 
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With increasing depth of cut, both of the forces also increased. At t =3 µm, the values 
of Fc and Ft were 3.7957 N and 4.91 N and found that tangential force dominates over 
thrust force. With further increasing the depth of cut, an increasing trend of Fc was 
found. At 200 µm depth of cut, the value of Ft and Fc were found 10.87 N and 24.52 N 
respectively. This result is in good agreement with the conceptional models of micro 
cutting (Moriwaki and Okuda, 1989). 
Feed rate = 0.1 mm/sec
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Figure 4.34: Influence of depth of cut on tangential and thrust force. 
 
4.4.1.2 Effect of Feed Rate  
With the increase of feed rate, the contact area between tool and workpiece increases. 
As a result, material removal rate increases which contribute to the increase in forces. 
The cutting conditions and corresponding measured force components with the 
variation of feed rate are listed in Table 4.5. The following graph (Figure 4.35) depicts 
the graphical representation of the influence of feed rate on force when depth of cut 
was 5 µm. At f = 0.1 mm/sec, both the thrust and tangential forces were 4.45 N and 
7.226 N respectively.  It was also found that with increasing feed rate a fluctuating 
trend occurred for the case of both of the force components. At f = 0.5 mm/sec, the 






0 1 2 3
 72
Chapter 4                                                                                             Micromachining 
Table 4.5: Experimental conditions and results for feed variations 
 Cutting Conditions Measured Force Component 
Exp. 
No. 
Depth of Cut 
t (µm) 
Feed Rate 
f ( mm/sec) 
Spindle Speed 





1 5 0.1 1000 4.4500 7.2260 
2 5 0.2 1000 4.0030 6.99050 
3 5 0.3 1000 4.0440 7.4600 
4 5 0.4 1000 4.4400 7.9800 
5 5 0.5 1000 4.3900 7.6740 
6 150 0.1 1000 7.1695 17.5300 
7 150 0.2 1000 8.9700 22.2800 
8 150 0.3 1000 12.3778 28.9000 
9 150 0.4 1000 14.4400 30.7600 
10 150 0.5 1000 15.0900 33.0900 
 























Figure 4.35: Influence of feed rate on force at low depth of cut. 
But at large depth of cut (t = 150 µm), the tangential force was dominating over thrust 
force as can be seen from Figure 4.36. At f = 0.1 mm/sec, the values of Ft and Fc were 
7.1695 N and 17.53 N. An increase of the feed rate leads to an almost linear increase 
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of the cutting force components. At   f = 0.5 mm/sec, the corresponding values of Ft 
and Fc were 15.09 N and 33.09 N.  






















Figure 4.36: Influence of feed rate on force at large depth of cut. 
 
4.4.1.3 Effect of Spindle Speed  
 Experiments were also conducted to investigate the influence of the spindle speed on 
cutting force components. The cutting conditions and corresponding measured force 
components under two different depths of cut and feed conditions are listed in Table 
4.6. It can be seen from Figure 4.37, at low feed and low depth of cut, tangential force 
was greater than thrust force.  
Depth of cut = 5 µm






















Figure 4.37: Effect of spindle speed on force at low doc and low feed condition. 
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At 1000 rpm, the values of thrust force and tangential forces were 4.45 N and 7.226 N. 
Increasing speed up to 2000 rev/min, thrust force increased linearly because of friction 
between tool and work material was rather high owing to insufficient cutting speed 
which increased the forces. With further increasing the speed, a decreasing trend of the 
force components was observed at high speed region. At high speed region the forces 
decreases because of reduced tool workpiece contact area (Trent and Wright, 2000).   
             Table 4.6: Experimental conditions and results for speed variations  
 Cutting Conditions Measured Force Component 
Exp. 
No. 
Depth of Cut 
t (µm) 
Feed Rate 
f ( mm/sec) 
Spindle Speed 





1 5 0.1 1000 4.4500 7.2260 
2 5 0.1 2000 5.0700 5.6400 
3 5 0.1 3000 5.0860 5.4710 
4 5 0.1 4000 4.8100 5.2700 
5 5 0.5 1000 4.3900 7.6740 
6 5 0.5 2000 4.8500 6.6894 
7 5 0.5 3000 5.3200 5.9800 
8 5 0.5 4000 5.2700 5.5500 
9 150 0.1 1000 7.0000 17.5300 
10 150 0.1 2000 6.6480 10.8650 
11 150 0.1 3000 6.5590 9.0250 
12 150 0.1 4000 6.2988 8.8700 
13 150 0.5 1000 15.0900 33.090 
14 150 0.5 2000 13.0300 29.4450 
15 150 0.5 3000 10.0390 23.0710 
16 150 0.5 4000 8.5900 11.2220 
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At low depth of cut and high feed, the effect can be seen from Figure 4.38. Thrust 
force increased with increasing speed form low to medium speed region, after that 
decreased at high speed region. Tangential force showed a decreasing trend with 
increasing speed because of reduced tool workpiece contact area. 
























Figure 4.38: Effect of spindle speed on force at low doc and high feed condition. 
At low feed and high depth of cut, the tangential force is dominant over thrust force 
(Figure 4.39). At 1000 rev/min, the values of Ft and Fc were 7.0 N and 17.53 N 
respectively. Ft decreased slowly from 1000 rev/min to 2000 rev/min, remained 
constant from 2000 rpm to 3000 rpm  then decreased with increasing rpm from 3000 to 
4000.  Tangential force also decreased with increasing spindle speed. At 4000 rev/min, 
the corresponding values of thrust and tangential forces were found as 6.2988 N and 
8.87 N. 
Depth of cut = 150 µm
























Figure 4.39: Influence of spindle speed on force at high doc and low feed condition. 
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At high depth of cut and high feed rate, both force components decreased with 
increasing speed as shown in Figure 4.40.  
Depth of cut = 150 µm 





















Figure 4.40: Effect of spindle speed on force at high doc and high feed condition. 
 
At 1000 rev/min, the values of Ft and Fc were 15.09 N and 33.09 N. While at 4000 
rev/min, thrust force and tangential forces were found as 8.59 N and 11.222 N 
respectively. An increase in speed results decrease in material removal rate which 
reduces the tool force because contact length on the rake face becomes shorter (Trent 
and Wright, 2000). These results are quite similar to those obtained by many 
researchers for turning experiments. For most workpiece materials, increasing speed 
leads to lower cutting forces (Black et al., 1996).  
 
4.4.2 Chip Morphology 
 
Machined surfaces are inevitably damaged to some degree, since the chip is formed by 
the shear fracture at high strain. The upper surface of the chip is always rough, usually 
with minute steps. The surface underneath, which was in contact with the tool, was 
found to be much smoother. Figure 4.41 shows the top and bottom surface of a chip 
when observed in SEM. 
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(a) Bottom Surface (b) Top Surface 
Figure 4.41: Chip surfaces in SEM for SS material 
 
4.4.2.1 Effect of Depth of Cut  
Figure 4.42 shows the types of chips that have been observed with the variation of 
depth of cut. In all cases, feed rate and spindle speed were kept constant as 6µm/rev 
and 1000 rev/min respectively. Continuous chip formation was observed for all cases. 
Observations on the chip formation using SEM indicated that in micro turning of 
stainless steel, continuous slice chips were formed when depth of cut was 0.5 µm as 
shown in Figure 4.42(a). With increasing depth of cut, chip side curl was observed as 
from Figure 4.42(b), (c), (d) and (e). At large depth of cut, material side flow of the 
chip was also observed clearly (Figure 4.42(f)). 
 
(a) t = 0.5 µm (b) t = 1 µm 
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(c)  t = 10 µm (d) t = 20 µm 
(e) t = 50 µm (f) t = 100 µm 
Figure 4.42: Chip shape variation with depth of cut. 
 
4.4.2.2 Effect of Feed Rate  
SEM observations on the chip formation indicated that in the micro turning of SS with 
cermet cutting tool, continuous type chips were formed under different feed rate as 
shown in Figure 4.43 (a), (b), (c), and (d). When feed rate was increased form 6 
µm/rev to 30 µm/rev under same depth of cut (5 µm) and speed (1000 rev/min), 
regular long chips formed at higher feed rate( Figure 4.43 (a) and (b)). At high depth of 
cut, this trend is more prominent because of increased tool-workpiece contact area at 
high feed rate and regular curly chips were formed as can be seen from Figure 4.43 (c) 
and (d).  
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(a) t = 5 µm, f = 6 µm/rev 
 
(b) t = 5 µm, f =30 µm/rev 
 
 
(c) t = 150 µm, f = 6 µm/rev 
 
(d) t = 150 µm, f =30 µm/rev 
Figure 4.43: SEM micrograph of chips under different feed rates. 
 
4.4.2.3 Effect of Spindle Speed  
Effect of speed on chip formation was also observed as can be seen from SEM 
micrographs of Figure 4.44. Feed rate was kept as 0.1 mm/sec, depth of cut was 5 µm 
and speeds were: (a) 1000 rev/min and (b) 4000 rev/min. In this case, with increasing 
speed, chip breaking was observed. At high depth of cut (150 µm) and 0.1mm/sec feed 
rate, speed was increased from 1000 rev/min to 4000 rev/min. In this case, chip 
breaking occurred more severely and regular curly shape disappeared as can be seen 
clearly form Figure 4.44 (c) and (d). At higher cutting speeds, the fracture initiates in 
the primary zone and propagates towards the free surface. Segmented chip formation is 
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not triggered by machine tool vibration but is related to the inherent metallurgical 
features of the workpiece for the machining condition used (Trent and Wright, 2000).  
 
(a) t = 5 µm, s = 1000 rev/min 
 
(b) t = 5 µm, s =  4000 rev/min 
 
 
(c) t = 150 µm, s = 1000 rev/min 
 
(d) t = 150 µm, s = 4000 rev/min 
Figure 4.44: SEM micrographs of chips under different speeds. 
 
4.5 Machinability Comparison 
 
The objective of this section is to asses the machinability for brass, aluminium alloy 
and stainless steel during microturning process for different workpiece-tool 
combinations. Machinability assessment was done by force analysis, chip analysis and 
tool wear criterion.  
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4.5.1 Force Analysis for Cermet Insert 
 
The force acting on the tool was measured by dynamometer and was plotted 
graphically by varying the cutting parameters for machining of brass and SS material. 
Effect of individual parameters was discussed in the following sections. 
 
4.5.1.1 Effect of Depth of Cut  
Thrust and tangential forces acting on the tool were found greater for machining of SS 
with cermet insert than machining of brass (Figure 4.45). Alloying elements in steel 
(carbon, manganese, chromium etc.) increase its strength. This results increased 
stresses acting on the tool (Trent and Wright, 2000). At low depth of cut, the force 
exerting on the tool is found low. Increased depth of cut resulted increased force value. 
Feed rate = 6 µm/rev












0.5 1 3 5 10 0.5 1 3 5 10
Ft Fc









Figure 4.45: Effect of depth of cut on forces for machining with cermet. 
 
4.5.1.2 Effect of Feed Rate 
At low depth of cut, the feed effect is found less significant in case of brass machining 
than that of SS machining using cermet insert as can be seen from Figure 4.46.  In all 
the cases, tangential force was greater that thrust force in case of SS machining.   
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Depth of cut = 5 µm























Figure 4.46: Effect of feed rate on force at small doc for cermet insert. 
At high depth of cut, increasing feed rate gives rise to almost linear increase of thrust 
and tangential forces for machining of SS as can be seen form Figure 4.47. In case of 
brass machining, the forces also increased with increasing feed, but moderately. 
Depth of cut = 150 µm





















Figure 4.47: Effect of feed rate on force at large doc for cermet insert. 
4.5.1.3 Effect of Spindle Speed  
At low depth of cut and low feed rate, the effect of speed variation on thrust and 
tangential force can be seen from Figure 4.48. The force variation for SS is more 
observable than that of brass.   
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Depth of cut = 5 µm 
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Figure 4.48: Effect of spindle speed on forces at low doc and low feed. 
Figure 4.49 shows the variation of speed at low depth of cut and high feed rate. The 
effect is almost similar to that of Figure 4.48. 
Depth of cut = 5 µm 
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Figure 4.49: Effect of spindle speed on forces at low doc and high feed. 
 
But, at high depth of cut and low feed rate, the reacting forces decreased with 
increasing speed as can be seen from Figure 4.50. 
 84
Chapter 4                                                                                             Micromachining 
Depth of cut = 150 µm
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Figure 4.50: Effect of spindle speed on forces at high doc and low feed. 
Similar phenomenon is observed from Figure 4.51 for the condition of large depth of 
cut and large feed rate. Both of the forces increased with increasing speed. 
Depth of cut = 150 µm



















Figure 4.51: Effect of spindle speed on forces at high doc and high feed. 
 
4.5.2 Force Analysis for PCD Insert 
 
The force acting on the tool was measured by dynamometer and was plotted 
graphically by varying the cutting parameters for brass and aluminium alloy. Effect of 
individual parameters is discussed in the following sections. 
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4.5.2.1 Effect of Depth of Cut 
The thrust force acting on the tool was found greater for machining of brass with PCD 
insert than machining of aluminium alloy with the same insert as shown in Figure 4.52. 
For both materials, increasing depth of cut results increased thrust force. Tangential 
force also increased with increasing depth of cut. 
Feed rate = 6 µm/rev
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Figure 4.52: Effect of depth of cut on forces for machining with PCD. 
 
4.5.2.2 Effect of Feed Rate 
That the reacting force for brass is higher than that of aluminium alloy as can be seen 
from Figure 4.53. At low depth of cut, both thrust and tangential forces increased with 
increasing feed rate for both of the alloys.  
Depth of cut = 5 µm






















Figure 4.53: Effect of feed rate on force at small doc for PCD inserts. 
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At high depth of cut, the increase of feed rate gives rise to almost linear increase of 
thrust and tangential forces as can be seen form Figure 4.54. 
Depth of cut = 150 µm
Speed = 1000 rev/min



















Figure 4.54: Effect of feed rate on force at large doc for PCD insert. 
 
4.5.2.3 Effect of Spindle Speed  
At low depth of cut and low feed rate, the variation of speed on thrust and tangential 
force can be seen from Figure 4.55. In every case, with increasing spindle speed, force 
increased to a certain limit after that it decreased with increasing speed. 
Depth of cut = 5 µm





















Figure 4.55: Influence of speed variation on forces at low doc and low feed 
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Figure 4.56 shows the variation of speed at low depth of cut and high feed rate. The 
effect is almost similar to that of Figure 4.55. 
Depth of cut = 5 µm



















Figure 4.56: Influence of speed variation on forces at low doc and high feed. 
 
But, at high depth of cut and low feed rate, the tangential forces decreases with 
increasing speed as can be seen from Figure 4.57. Thrust force increased with 
increasing speed up to certain limit, after that it also decreased with increasing speed. 
Depth of cut = 150 µm
Feed rate = o.1 mm/sec




















Figure 4.57: Effect of speed variation on forces at large doc and low feed. 
 
Similar phenomenon is observed from Figure 4.58 for the condition of large depth of 
cut and large feed rate. 
 88
Chapter 4                                                                                             Micromachining 
Depth of cut = 150 µm
Feed rate = o.5 mm/sec





















Figure 4.58: Effect of speed variation on forces at large doc and high feed. 
 
4.5.3 Cutting Tool Performance  
 
Cutting tool performance was also investigated using cermet and PCD inserts for 
machining of brass material. The effect of cutting parameters is described in this 
section. 
 
4.5.3.1 Effect of Depth of  Cut 
Figure 4.59 shows the effect of depth of cut on microturning of brass with cermet and 
PCD inserts. Thrust force was found greater for cermet inserts than that for PCD. But 
for tangential force, PCD showed a greater value up to certain limit.  
Feed rate = 6 µm/rev
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Figure 4.59: Effect of depth of cut variation for machining of brass. 
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4.5.3.2 Effect of Feed Rate 
Figure 4.60 describes the variation of feed rate on force components when machining 
of brass at low depth of cut. Both the inserts showed a similar behavior. 
Depth of cut = 5 µm
Speed = 1000 rev/min





















Figure 4.60: Variation of feed rate when machining of brass at low depth of cut. 
But at large depth of depth of cut, the reacting force on cermet insert was greater than 
that for PCD inserts. Both the forces increased with increasing feed rate as shown in 
Figure 4.61. 
Depth of cut = 150 µm
Speed = 1000 rev/min




















Figure 4.61: Variation of feed rate when machining of brass at large depth of cut. 
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4.5.3.3 Effect of Spindle Speed 
At low depth of cut and low feed rate, the force for PCD was found grater than that for 
cermet when speed variation was conducted as shown in Figure 4.62. At high speed 
region, both the force showed a decreasing trend. 
Depth of cut = 5 µm





















Figure 4.62: Variation of speed when machining of brass at small depth of cut. 
At high depth of cut, thrust force was found greater for PCD than that for cermet as 
shown in Figure 4.63. But tangential force showed a reverse phenomenon. 
Depth of cut = 150 µm




















Figure 4.63: Variation of speed when machining of brass at large depth of cut. 
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4.5.4 Chip Analysis  
 
SEM pictures of chips of brass, SS and aluminium alloy is given in Figure 4.64. At 
low depth of cut condition chip surfaced was magnified several times as shown in 
Figure 4.64 (a) for brass, (c) for SS and (e) for aluminium alloy.  
 
(a) t = 0.5 µm for Brass 
 
(b) t = 20 µm for Brass 
 
(c) t = 0.5 µm for SS 
 
(d) t = 20 µm for SS 
 
(e) t = 0.5 µm for Al alloy 
 
(f) t = 20 µm for Al alloy 
Figure 4.64: SEM micrographs of chips.   
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Chips of brass were found to be lamellar structure with presence of crack. While SS 
and aluminium alloy produces a flake type chips. This was due to the reason that, at 
low cutting depth rubbing and abrasive action is more dominant than actual cutting. At 
high depth of cut condition, chips micro surface were also investigated as shown in 
Figure 4.64 (b), (d) and (f).  Brass chips showed edge serration while aluminium alloy 
and SS showed material side flow. 
 
4.5.5 Tool Wear   
 
4.5.5.1 Tool Wear for Cermet Insert 
Figure 4.65 shows the flank wear during machining operation of a cermet insert. 
Figure 4.65(a) describes the wear when magnified 100 times under a Normarski 
Microscope and Figure 4.65 (b) shows the wear when magnified 500 times of the same 
tool in SEM.  A fine abrasive tool wear of 30 µm on the flank face of the cermet insert 
can be seen form both the pictures. 
 
(a) Nomarski photograph (b) SEM micrograph 
Figure 4.65: Tool wears observation for cermet flank face. 
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4.5.5.2 Tool Wear for PCD Insert 
Figure 4.66 shows the flank wear during machining operation of a PCD insert. Figure 
4.66(a) describes the wear when magnified 100 times in SEM and Figure 4.66 (b) 
shows the wear when magnified 1,500 times of the same tool in SEM.  Fine groove 
wear on the flank face of the PCD insert can be seen form the picture. 
 
(a) 100 times magnification (b) 1500 times magnification 
Figure 4.66: Tool wears observation for PCD. 
 
4.6 Summary  
 
In this chapter, the microturningability of brass, stainless steel and aluminium alloy 
was discussed on the basis of force analysis, chip morphology and on tool were 
characteristics. The effects of different cutting parameters on force components as well 
as on chip morphology were shown details in this chapter. Cutting tool performance in 











Micromachining is the basic technology for the production of miniature components. 
Many studies have been carried out in previous years to fabricate microfunctional 
structures and components. Micromachining technology using photolithography on 
silicon substrate is one of the key processes used to fabricate microstructures. But the 
microproducts produced by photolithography have the limitations of low aspect ratio 
and quasi-3D structure. However, high aspect ratio products with 3D submicron 
structure can be possible to fabricate by deep x-ray lithography using the synchrotron 
radiation process and focus ion beam machining process. But, these are slow processes, 
and require special facilities (Lim et al., 2002). On the other hand, conventional 
machining processes such as turning, milling and grinding have already been well 
established. If the applications of these conventional machining methods become 
available for the micro manufacturing process, the production process for micro parts 
will be advanced as an extension of the traditional material removal processes (Lu and 
Yoneyama, 1999). 
One group of micromachining technology is microturning. It is a conventional material 
removal process that has been miniaturized (Rahman et al., 2003). Microturning has 
the capability to produce three dimensional structures on micro scale. As solid cutting 
tool is used in microturning, it can produce definite 3D shapes. 
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5.2 Miniature Shaft Fabrication 
 
A microshaft is a useful tool for other micromachining process such as micro-EDM. 
Several attempts were taken in this study to fabricate micro shafts with brass, 
aluminium alloy and stainless steel materials. Results of this fabrication process have 
been described in details in this chapter. Figure 5.1 shows the photographic view of 
some microshafts produced by microturning process. 
 
Figure 5.1: Photographic view of some fabricated microshafts. 
5.2.1 Microturning Process 
During microturning operation, the thrust force is important in determining the 
deflection (δ ) of the work piece. The work is easily deflected by the reacting force 
with a reduction in its rigidity according to the decrease in its diameter (Figure 5.2). 
Thus, by reducing the reacting thrust force to a sufficiently low level, work piece 
deflection can be minimized.  
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Figure 5.2: Workpiece deflection in micro turning 
 
If F is the reacting force on the tool at the tip and d is the diameter of the cylindrical 
workpiece, the deflection of the workpiece and the produced maximum stress can be 
estimated by a simple material strength equation as follows (Lu and Yoneyama, 1999): 








πδ ==                                                                       (5.1) 




πσ =                                                                             (5.2) 
By measuring the thrust force at a particular work piece dimension, the deflection and 
maximum stress can be estimated. The maximum stress which emerges in the work 
piece should be restrained below the level that causes plastic deformation. Thus, in 
order to restrain deformation stress in the work piece, thrust force has to be kept below 
the estimated maximum value. Miniature shafts can be fabricated using microturning 
process by applying step cutting process as showing in Figure 5.3. Turning is done in a 
step wise manner. The step size (l), for which the shaft will not deflect plastically, can 
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Figure 5.3: Microturning by step cutting process. 
 
5.2.2 Experimental Setup and Procedure 
The setup for cutting tool and workpiece for microshaft fabrication process is shown in 
Figure 5.4. Cutting tool (PCD or Cermet) was fixed to the tool shank which was then 
attached to the tool holder. The tool holder was mounted on top of the machine bed. 
Workpiece (brass, aluminium alloy and stainless steel) was clamped on the spindle 
unit by collet. Before turning operation was conducted, the initial coordinate system 
was set as described in chapter three. By loading workpiece profile and selecting 
cutting parameters, CNC program was generated by SLICER for straight microturning 
and TAPER TURNER for taper microturning. NC program was then uploaded to the 





Depth of cut (t) 
Work piece
Cutting Tool
Step Size (l) 
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Figure 5.4: Setup for µ-shaft fabrication process. 
 
5.2.3 Machining with Brass 
 
 
5.2.3.1 Microshaft of Ø80 µm  
80 µm diameter and 2.0 mm long microshaft was fabricated as shown in Figure 5.5. 
PCD insert was used as the cutting tool. Cutting conditions for fabrication process is 
given in Table 5.1. The value of step size was kept as 0.2 mm. 
Table 5.1 Cutting parameters for microshaft of ø80 µm  




Depth of cut µm 20.000 
Feed rate mm/sec 0.20 Roughing 
Speed rev/min 1500.00000 
Depth of cut µm 1.00 
Feed rate mm/sec 0.08 Finishing 
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Figure 5.5: SEM micrograph of 80 µm diameter microshaft. 
5.2.3.2 Micro Shaft of Ø65 µm 
Microshaft of 65 µm diameter and 1.4 mm length was fabricated by microturning 




Figure 5.6: Microshaft of 65 µm diameter. 
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PCD insert was used as the cutting tool. The value of step size was kept as 0.2 mm. 
Cutting conditions for fabrication process is given in Table 5.2. 
Table 5.2 Cutting parameters for microshaft of ø65 µm  




Depth of cut µm 15.000 
Feed rate mm/sec 0.20 Roughing 
Speed rev/min 1500.00000 
Depth of cut µm 0.80 
Feed rate mm/sec 0.08 Finishing 




5.2.3.3 Micro Shaft of Ø52 µm 
Figure 5.7 shows 52 µm diameter and 1.3 mm long microshaft fabricated by 





Figure 5.7: SEM image of micro shaft of 52 µm diameter. 
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PCD insert was used as the cutting tool. The value of step size was kept as 0.2 mm. 
Cutting conditions for fabrication process is given in Table 5.3. 
Table 5.3 Cutting parameters for microshaft of ø52 µm 




Depth of cut µm 15.000 
Feed rate mm/sec 0.15 Roughing 
Speed rev/min 1500.00000 
Depth of cut µm 2.00 
Feed rate mm/sec 0.02 Finishing 




5.2.3.4 Micro stepped shaft  
2.0 mm long microshaft with stepped section was fabricated by microturning process. 
Diameters of different stepped sections of the shaft are shown in Figure 5.8. During the 
microturning process, step size was kept as 0.2 mm. Cermet insert was used as cutting 
tool. 
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5.2.3.5 Micro shaft with tapered tip 
2.5 mm long and 200 µm diameter microshaft with 15 deg tapered tip also fabricated. 
Cutting conditions for fabrication process are given in Table 5.4. 
Table 5.4 Cutting conditions for microshaft with tapered tip 
 
SEM micrograph of the microshaft with tapered tip is shown in Figure 5.9. Taper 
micro turning process was applied following by straight microturning process. 
Forward cutting scheme was selected in TAPER TURNER for CNC code generation 





Figure 5.9: Micro shaft of 200 µm diameter 15 deg taper tip.  
 
Operation Parameters Units Straight Turning Taper Turning 
Depth of cut µm 30.000 1.00 
Feed rate mm/sec 0.35 0.15 Roughing 
Speed rpm 1500.00000 1500.00000 
Depth of cut µm 5.00 0.20 
Feed rate mm/sec 0.10 0.10 Finishing 
Speed rpm 2000.00000 2000.00000 
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5.2.4 Machining with Aluminium Alloy 
Attempts were also taken to fabricate micro shaft with aluminium alloy. PCD inserts 
were used as cutting tool. Cutting parameters were selected based on microturning of 
aluminium alloy as described in chapter four. 
 
5.2.4.1 Microshaft of 150 µm diameter 
Figure 5.10 shows 150 µm diameter and 3.0 mm long shaft. Cutting conditions for this 
micro fabrication process is given in Table 5.5. 
 
 
Figure 5.10: SEM image of microshaft of 150 µm diameter.  
 
 
Table 5.5 Cutting conditions for 150 µm diameter shaft of aluminium alloy 




Depth of cut µm 20.000 
Feed rate mm/sec 0.10 Roughing 
Speed rev/min 2000.00000 
Depth of cut µm 5.00 
Feed rate mm/sec 0.02 Finishing 
Speed rev/min 3000.00000 
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5.2.4.2 Microshaft with conical tip 
200 µm diameter and 1.7 mm length microshaft was fabricated with 15 deg conical tip 
as shown in Figure 5.11. 
 
 
Figure 5.11: SEM micrograph of 200 µm diameter microshaft with conical tip. 
 
 
Taper micro turning process was applied following by straight microturning process. 
For CNC code generation in taper turning, forward cutting scheme was selected on 
TAPER TURNER. Cutting parameters for this microshaft fabrication process is given 
in Table 5.6. 
 
Table 5.6 Cutting condition for microshaft of 200 µm diameter with conical tip 
 




Depth of cut µm 30.000 5.00 
Feed rate mm/sec 0.10 0.08 Roughing 
Speed rev/min 2000.00000 2000.00000 
Depth of cut µm 5.00 1.00 
Feed rate mm/sec 0.05 0.02 Finishing 
Speed rev/min 3000.00000 3000.00000 
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5.2.5 Machining with Stainless Steel 
 
 
Fabricating of microshaft with stainless steel, cermet inserts were used as cutting tool 
rather than PCD to avoid diffusion of carbon between the workpiece and the cutting 
tool. Cutting conditions were selected from the wide range of cutting experiments 
conducted on microturning of stainless steel as described in chapter four. 
5.2.5.1 Microshaft of 94 µm diameter 
Figure 5.12 shows 94 µm diameter and 1.46 mm long microshaft and corresponding 
cutting conditions for this micro fabrication process is given in Table 5.7. During the 
machining process, step size was kept as 0.2 mm. 
 
 
Figure 5.12: SEM image of 94 µm diameter SS microshaft. 
 
Table 5.7 Cutting parameters for ø94 µm SS shaft 
 




Depth of cut µm 15.00 
Feed rate mm/sec 0.2 Roughing 
Speed rpm 1500.0000 
Depth of cut µm 1.0 
Feed rate mm/sec 0.1 Finishing 
Speed rpm 2000.00 
 106
Chapter 5                                                               Fabrication of Miniature Components 
5.2.5.2 Microshaft with tapered tip 
350 µm diameter and 2.0 mm length shaft was fabricated with 20 deg tapered tip. 
Taper micro turning process was applied following by straight microturning process. 
Cutting conditions for this microshaft are given in Table 5.8. For CNC code generation 
in taper turning, forward cutting scheme was selected on TAPER TURNER. Scanning 




Figure 5.13:  SS microshaft of 350 µm diameter with 20 deg taper tip.  
 
 
Table 5.8 Cutting parameters for SS microshaft with tapered tip 
 




Depth of cut µm 8.00 0.60 
Feed rate mm/sec 0.40 0.10 Roughing 
Speed rpm 2000.00000 1500.00000 
Depth of cut µm 2.00 0.10 
Feed rate mm/sec 0.10 0.05 Finishing 
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A micropin can be made by micro grinding, micro wire electro discharge grinding 
(MWEDG), micro electrical discharge machining (MEDM), micro electrochemical 
etching and microturning. Each process has its own advantages and disadvantages. 
Grinding has the problems of grinding force and the wear of the grinding wheel. In 
EDM, pin shape is limited to straight or stepped (Masuzawa and Tönshoff, 1997). In 
electrochemical etching, the bottle-neck is in controlling the shape and the diameter of 
the micropin (Lim and Kim, 2001). Although WEDG is a powerful method to produce 
micropin of various types and several micrometers of diameter, it has limitation of low 
productivity (McGough, 2002). Because microturning uses a solid cutting tool, it can 
clearly define and produce 3D shapes following various cutting paths. Considering all 
these, CNC microturning method was conceived to fabricate the micropin of 
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5.3.1 Setup and Procedure for Micropin Fabrication  
Figure 5.15 describes the setup for workpiece and cutting tool for micropin fabrication 
process. During machining, two cutting tools were used. Tool-1 was commercially 
available PCD or Cermet insert fixed in the tool shank to act as a right hand tool. Tool-
2 acted as left hand tool which was a high speed steel form tool grounded to make a 
sharp cutting edge. Both the tools were fixed to the tool holder which was mounted on 
the top of machine bed. Before starting the machining process, two different 
coordinates were uploaded to the user interface for these tools.  
 
Figure 5.15: Setup for µ-pin machining. 
 
5.3.2 Development of Fabrication Process 
Figure 5.16 describes the chronological development of the micropin fabrication 
process both schematically and photographically. Starting with Stage-I, each 
successive stage was followed by the next stage to get the final shape of Stage-V. 
During the fabrication process, Stage-I and Stage-II involved the machining with Tool-











Straight Turning : Step Cutting 








Stage – II 
Taper Turning : Forward 
Cutting 









Taper Turning : Reverse 
Cutting 









Taper Turning : Reverse 
Cutting 






Taper Turning : Reverse 
Cutting 




Figure 5.16: Different stages of µ-pin fabrication process. 
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5.3.3 Micropin of Brass 
 
5.3.3.1 Using PCD insert as Tool-1 and HSS as Tool-2 
A micropin of 1.76 mm effective length was fabricated with brass material as shown in 
Figure 5.17. During machining, PCD insert was used as Tool-1 for forward cutting and 
HSS tool was used as Tool-2 for reverse cutting. Both straight microturning and taper 







                                                  
 pin of brass of 1.76 mm effective length. 
 
utting conditions are given in Table 5.9. The step size (l) was kept 0.2 mm for which 
the bending stress (σ) was calculated and found that σ < σy where, σy is the yield stress 
of the brass. The larger and smaller diameters of the pin were 397 µm and 219 µm 
respectively. Different sections of the micropin were magnified and the scanning 
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(a) bottom section (b) intermediate section 
  
(c) neck portion (d) tip portion 
Figure 5.18: SEM images of different sections of the micropin. 
Operation Parameters Units Straight Turning Taper Turning 
Depth of cut µm 20.00 0.80 
Feed rate mm/sec 
1500.0000 1500.00000 
Depth of cut 
0.3 0.10 Roughing 
Speed rpm 
µm 3.0 0.50 
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5.3.3.2 Using Cermet insert as Tool-1 and HSS as Tool-2 
An attempt has been also taken to fabricate a micropin of brass using cermet insert as 
Tool-1 and HSS from tool as Tool-2. Figure 5.19 gives an overview of the tiny 
micropin with respect to a 0.5 mm lead of a pencil. 
  
Figure 5.19: Photograph of tiny micropin and 0.5 mm lead pencil. 
 
Cutting co  mm for 
hich the bending stress (σ) was calculated and found that for this step size σ < σy 
Operation Parameters Units Straight Turning Taper Turning 
nditions are given in Table 5.10. The step size (l) was kept 0.2
w
where, σy is the yield stress of the brass. Workpiece deflection was eliminated in this 
way. Figure 5.20 shows the SEM image of the micropin.  
Table 5.10: Cutting conditions for µ-pin fabrication using cermet tool 
Depth of cut µm 20.00 1.0 
Feed rate µm/rev 10.00 12.00 Roughing 
Speed rev/min 1500.0000 1500.0000 
Depth of cut µm 5.0 0.8 
Feed rate µm/rev 3.0 3.0 Finishing 
Speed rev/min 2000.0000 2000.0000 
µ-pin  0.5 mm lead 
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Figure 5.20: SEM image of fabricated micropin of brass material. 
 
The micropin was 2 mm in length. The larger and smaller diameters of the pin were 
475 µm and 276 µm respectively. Different sections of the pin are shown in Figure 














 Figure 5.21:  SEM micrographs of (a) neck portion. (b) tip of the micropin.  
Dimensional accuracy of the micropin was evaluated comparing input dimensions and 
actual values obtained. As can be seen in Table 5.11, the variations of diameter of 
different sections of the micropin are between 5.0 % and 10.4 %.  
Table 5.11: Variation of diameter of different sections of the µ-pin 
Section Input Diameter Value (µm) Actual Diameter Value(µm) Variation 
Small 250 276 10.40 % 
Intermediate 350 377 7.71 % 
Large 500 475 5.00 % 
 
 
As the micropin was very small and complex in shape, direct measurement of surface 
roughness was not possible. The straight section of the micropin was magnified 
10,000.00 times under SEM as shown in Figure 5.22(a). Over a length of 9.5 µm, 
surface roughness was estimated visually and found that the value was less than 0.1 
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µm. From SEM view, the surface quality of the micro-pin was found good as can be 






Figure 5.22: SEM magnification of pin surface for (a) straight  (b)  taper section. 
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5.3.4 Micropin of Aluminum Alloy 
 
1.87 mm long micropin was fabricated successfully with aluminum alloy using PCD 
insert as Tool-1 and HSS form tool as Tool-2.  Figure 5.23 shows the photographic 
view of the tiny micropin kept in plastic casing. Cutting conditions of this pin 
fabrication process is given in Table 5.12. 
 
Figure 5.23: Photograph of tiny micropin kept in plastic casing. 
Table 5.12: Cutting conditions for µ-pin fabrication with aluminum alloy 
 
SEM image of the micropin is given in Figure 5.24. Dimensions of different sections 
of the pin are also shown. 
Operation Parameters Units Straight Turning Taper Turning 
Depth of cut µm 12.000 0.80 
Feed rate mm/sec 0.35 0.15 Roughing 
Speed rpm 1500.00000 1500.0000 
Depth of cut µm 2.0 0.50 
Feed rate mm/sec 0.1 0.05 Finishing 
Speed rpm 2000.0000 2000.00000 
Tiny µ-pin Plastic casing 
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Figure 5.24: SEM image of micropin fabricated with aluminium alloy. 
 
During the machining process, Tool-2 (HSS form tool) became blunted. As a result 
surface quality of this micropin was not so good. But the proposed and fabricated 




(a) proposed pin 
 
(b) fabricated pin 
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5.4 Summary  
 
 
CNC microturning process was applied successfully to fabricate miniature components. 
Three different types of work materials and cutting tools were used to fabricate 
micropins and microshafts with various dimensions. Straight microturning process was 
applied using step cutting process to eliminate workpiece deflection during machining. 
Taper microturning was also applied using both forward and reverse cutting 






































CONCLUSIONS AND RECOMMENDATIOS 
 
6.1  Conclusions 
 
CNC microturning process was studied and applied to fabricate miniature components 
since it is the most basic technology of tool bsed micromachining. The following 
conclusions can be drawn from this study: 
 
• Microturning is a conventional material removal process that has been 
miniaturized. The most serious problem encountered during microturning is 
the cutting force which tends to bend the workpiece. Step cutting process was 
developed to eliminate workpiece deflection problem during machining. The 
step size for which the shaft will not deflect plastically, was estimated by 
applying material strength equations. 
 
•  The existing SLICER program was not capable of generating CNC codes for 
taper turning operation. TAPER TURNER program was written in Borland 
C++ Builder 6.0 environment to automatically generate CNC codes for taper 
microturning operations. 
 
• A wide range of tests was conducted as there is presently no cutting data 
available for microturning of brass, alluminium alloy and SS materials. 
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• Experiments were carried out by varying the depth of cut(t), feed rate(f) and 
spindle speed(s) with commercially available PCD and cermet inserts. 
Microturnig of brass was done usuing both PCD and cermet inserts. While 
during machinng of alluminium alloy, PCD insert was used as cutting tool. In 
this case, cermet tool was avoided because it is composed of  a compound of 
aluminium (Al2O3). While the  machining of stainless steel was done with 
cermet insert  rather than PCD to avoid diffusion of carbon between tool 
(PCD) and  SS workpiece.  
 
• It was found that depth of cut(t) is the most influential cutting parameter in 
microturning. At low depth of cut conditions, thrust force was the dominating 
force component. This result is in good agreement with the conceptional 
model of micro cutting. At very small depth of cut, the plastic deformation 
such as rubbing and burnishing is dominant which generate relatively large 
thrust force. However, at large depth  of cut condition, the value of tangential 
force was found much higher than that of thrust force. This is consistent with 
the fact that the tangential force is the main force acting on the tool at large 
cutting depth. 
 
• Chip morphology was studied using SEM analysis because detailed 
knowledge of chip formation process is also required  for the understanding 
of the accuracy and condition of the machined surface of the desired 
component. During the observations, it was found that chips tends to spread 
sideways so that the width is greater than the depth of cut. The chip bottom 
surface, which was in contact of the tool, is found to be much smoother than 
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top surface which was plastically deformed with corrugated structure. At 
shallow depth of cut condition, chips were of irregular and slice type 
structures. With increasing depth of cut, regular curly chips were formed. 
Chip breaking was observed at high speed conditions. 
 
• Cutting tool performance in microturning was investigated while machining 
of brass with PCD and cermet inserts. During machining, abrasive wear of  
cermet insert was observed on the flank face while PCD insert showed 
groove wear in the flank face. 
 
• Finally, microturning process was successfully applied to fabricate mini-
structure with micro features. Straight microshaft, microshaft with conical tip 
and also stepped microshaft were fabricated using brass, alluminium alloy 
and stainless steel materials. Tiny micropins ( diameter less than 0.5 mm lead 
of  a pencil) were also fabricated. While fabricating the micropins, both the 
straight and taper microturning processes were applied.  
 
• Considering the large of flexibility in machinable shapes and materials, it can 
be concluded that micro-turning can be a useful tool for micro-machining. 
This attempt can be a useful guide to the industrial manufacturers for 
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6.2  Recommendations 
 
The following are some recommendations for futher research: 
• During the force analysis , the force per unit width should be taken into 
consideration as it will give the actual effect of cutting parameters. 
 
• Surface roughness should be investigated as it is one of the important 
paramerters of machinability. 
 
• During the micropin fabrication, as the HSS tool (Tool-2) wears very fast, a 
sharp single crystal diamond tool can be used for reverse cutting process. 
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Appendix                                                                    Sample CNC Program for Taper Microturning 














G00 M03 S1500.0 
; 
G00 X10.0000 Z0.0000 
G00 X0.0738 Z0.0000 
G01 X0.0750 Z-0.0020 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0727 Z0.0000 
G01 X0.0750 Z-0.0040 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0715 Z0.0000 
G01 X0.0750 Z-0.0060 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0704 Z0.0000 
G01 X0.0750 Z-0.0080 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0692 Z0.0000 
G01 X0.0750 Z-0.0100 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0681 Z0.0000 
G01 X0.0750 Z-0.0120 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0669 Z0.0000 
G01 X0.0750 Z-0.0140 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0658 Z0.0000 
G01 X0.0750 Z-0.0160 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0646 Z0.0000 
G01 X0.0750 Z-0.0180 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0635 Z0.0000 
G01 X0.0750 Z-0.0200 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0623 Z0.0000 
G01 X0.0750 Z-0.0220 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0611 Z0.0000 
G01 X0.0750 Z-0.0240 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0600 Z0.0000 
G01 X0.0750 Z-0.0260 F0.3000 
G00 X0.0750 Z0.0000 
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G00 X0.0588 Z0.0000 
G01 X0.0750 Z-0.0280 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0577 Z0.0000 
G01 X0.0750 Z-0.0300 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0565 Z0.0000 
G01 X0.0750 Z-0.0320 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0554 Z0.0000 
G01 X0.0750 Z-0.0340 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0542 Z0.0000 
G01 X0.0750 Z-0.0360 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0531 Z0.0000 
G01 X0.0750 Z-0.0380 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0519 Z0.0000 
G01 X0.0750 Z-0.0400 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0508 Z0.0000 
G01 X0.0750 Z-0.0420 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0496 Z0.0000 
G01 X0.0750 Z-0.0440 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0484 Z0.0000 
G01 X0.0750 Z-0.0460 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0473 Z0.0000 
G01 X0.0750 Z-0.0480 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0461 Z0.0000 
G01 X0.0750 Z-0.0500 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0450 Z0.0000 
G01 X0.0750 Z-0.0520 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0438 Z0.0000 
G01 X0.0750 Z-0.0540 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0427 Z0.0000 
G01 X0.0750 Z-0.0560 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0415 Z0.0000 
G01 X0.0750 Z-0.0580 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0404 Z0.0000 
G01 X0.0750 Z-0.0600 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0392 Z0.0000 
G01 X0.0750 Z-0.0620 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0380 Z0.0000 
G01 X0.0750 Z-0.0640 F0.3000 
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G00 X0.0750 Z0.0000 
G00 X0.0369 Z0.0000 
G01 X0.0750 Z-0.0660 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0357 Z0.0000 
G01 X0.0750 Z-0.0680 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0346 Z0.0000 
G01 X0.0750 Z-0.0700 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0334 Z0.0000 
G01 X0.0750 Z-0.0720 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0323 Z0.0000 
G01 X0.0750 Z-0.0740 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0311 Z0.0000 
G01 X0.0750 Z-0.0760 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0300 Z0.0000 
G01 X0.0750 Z-0.0780 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0288 Z0.0000 
G01 X0.0750 Z-0.0800 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0277 Z0.0000 
G01 X0.0750 Z-0.0820 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0265 Z0.0000 
G01 X0.0750 Z-0.0840 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0253 Z0.0000 
G01 X0.0750 Z-0.0860 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0242 Z0.0000 
G01 X0.0750 Z-0.0880 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0230 Z0.0000 
G01 X0.0750 Z-0.0900 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0219 Z0.0000 
G01 X0.0750 Z-0.0920 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0207 Z0.0000 
G01 X0.0750 Z-0.0940 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0196 Z0.0000 
G01 X0.0750 Z-0.0960 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0184 Z0.0000 
G01 X0.0750 Z-0.0980 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0173 Z0.0000 
G01 X0.0750 Z-0.1000 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0161 Z0.0000 
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G01 X0.0750 Z-0.1020 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0150 Z0.0000 
G01 X0.0750 Z-0.1040 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0138 Z0.0000 
G01 X0.0750 Z-0.1060 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0126 Z0.0000 
G01 X0.0750 Z-0.1080 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0115 Z0.0000 
G01 X0.0750 Z-0.1100 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0103 Z0.0000 
G01 X0.0750 Z-0.1120 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0092 Z0.0000 
G01 X0.0750 Z-0.1140 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0080 Z0.0000 
G01 X0.0750 Z-0.1160 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0069 Z0.0000 
G01 X0.0750 Z-0.1180 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0057 Z0.0000 
G01 X0.0750 Z-0.1200 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0046 Z0.0000 
G01 X0.0750 Z-0.1220 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0034 Z0.0000 
G01 X0.0750 Z-0.1240 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0023 Z0.0000 
G01 X0.0750 Z-0.1260 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0011 Z0.0000 
G01 X0.0750 Z-0.1280 F0.3000 
G00 X0.0750 Z0.0000 
G00 X0.0009 Z0.0000 
G01 X0.0750 Z-0.1283 F0.3000 
G00 X0.0750 Z0.0000 
 
;---------------Final Cut------------ 
G00 M03 S2000.0 
G00 X0.0000 Z0.0000 
G01 X0.0750 Z-0.1299 F0.1000 
G00 X10.0000 Z-0.1299 
G00 X10.0000 Z30.0000 
G00 M05  
; 
; 
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